


MATERIALS, CIRCUITS & DEVICES SERIES 27

Nano-Scaled
Semiconductor

Devices



Other volumes in this series:

Volume 2 Analogue IC Design: The current-mode approach C. Toumazou, F.J. Lidgey
and D.G. Haigh (Editors)

Volume 3 Analogue-Digital ASICs: Circuit techniques, design tools and applications
R.S. Soin, F. Maloberti and J. France (Editors)

Volume 4 Algorithmic and Knowledge-based CAD for VLSI G.E. Taylor and G. Russell
(Editors)

Volume 5 Switched Currents: An analogue technique for digital technology
C. Toumazou, J.B.C. Hughes and N.C. Battersby (Editors)

Volume 6 High-frequency Circuit Engineering F. Nibler et al.
Volume 8 Low-power High-frequency Microelectronics: A unified approach

G. Machado (Editor)
Volume 9 VLSI Testing: Digital and mixed analogue/digital techniques S.L. Hurst
Volume 10 Distributed Feedback Semiconductor Lasers J.E. Carroll, J.E.A. Whiteaway

and R.G.S. Plumb
Volume 11 Selected Topics in Advanced Solid State and Fibre Optic Sensors

S.M. Vaezi-Nejad (Editor)
Volume 12 Strained Silicon Heterostructures: Materials and devices C.K. Maiti,

N.B. Chakrabarti and S.K. Ray
Volume 13 RFIC and MMIC Design and Technology I.D. Robertson and S. Lucyzyn

(Editors)
Volume 14 Design of High Frequency Integrated Analogue Filters Y. Sun (Editor)
Volume 15 Foundations of Digital Signal Processing: Theory, algorithms and

hardware design P. Gaydecki
Volume 16 Wireless Communications Circuits and Systems Y. Sun (Editor)
Volume 17 The Switching Function: Analysis of power electronic circuits C. Marouchos
Volume 18 System on Chip: Next generation electronics B. Al-Hashimi (Editor)
Volume 19 Test and Diagnosis of Analogue, Mixed-signal and RF Integrated Circuits:

The system on chip approach Y. Sun (Editor)
Volume 20 Low Power and Low Voltage Circuit Design with the FGMOS Transistor

E. Rodriguez-Villegas
Volume 21 Technology Computer Aided Design for Si, SiGe and GaAs Integrated

Circuits C.K. Maiti and G.A. Armstrong
Volume 22 Nanotechnologies M. Wautelet et al.
Volume 23 Understandable Electric Circuits M. Wang
Volume 24 Fundamentals of Electromagnetic Levitation: Engineering sustainability

through efficiency A.J. Sangster
Volume 25 Optical MEMS for Chemical Analysis and Biomedicine H. Jiang (Editor)
Volume 29 Nano-CMOS and Post- CMOS Electronics: Devices and Modelling Saraju

P. Mohanty and Ashok Srivastava
Volume 30 Nano-CMOS and Post- CMOS Electronics: Circuits and Design Saraju

P. Mohanty and Ashok Srivastava



Nano-Scaled
Semiconductor

Devices
Physics, Modelling, Characterisation,

and Societal Impact

Edited by
Edmundo A. Gutiérrez-D

The Institution of Engineering and Technology



Published by The Institution of Engineering and Technology, London, United Kingdom

The Institution of Engineering and Technology is registered as a Charity in England &
Wales (no. 211014) and Scotland (no. SC038698).

† The Institution of Engineering and Technology 2016

First published 2016

This publication is copyright under the Berne Convention and the Universal Copyright
Convention. All rights reserved. Apart from any fair dealing for the purposes of research
or private study, or criticism or review, as permitted under the Copyright, Designs and
Patents Act 1988, this publication may be reproduced, stored or transmitted, in any
form or by any means, only with the prior permission in writing of the publishers, or in
the case of reprographic reproduction in accordance with the terms of licences issued
by the Copyright Licensing Agency. Enquiries concerning reproduction outside those
terms should be sent to the publisher at the undermentioned address:

The Institution of Engineering and Technology
Michael Faraday House
Six Hills Way, Stevenage
Herts, SG1 2AY, United Kingdom

www.theiet.org

While the authors and publisher believe that the information and guidance given in this
work are correct, all parties must rely upon their own skill and judgement when making
use of them. Neither the authors nor publisher assumes any liability to anyone for any
loss or damage caused by any error or omission in the work, whether such an error or
omission is the result of negligence or any other cause. Any and all such liability is
disclaimed.

The moral rights of the authors to be identified as authors of this work have been
asserted by them in accordance with the Copyright, Designs and Patents Act 1988.

British Library Cataloguing in Publication Data
A catalogue record for this product is available from the British Library

ISBN 978-1-84919-930-8 (hardback)
ISBN 978-1-84919-931-5 (PDF)

Typeset in India by MPS Limited
Printed in the UK by CPI Group (UK) Ltd, Croydon



Contents

Synopsis ix

1 Introduction 1
References 8

2 Device physics, modeling, and technology for nano-scaled
semiconductor devices 17
2.1 Bulk MOSFETs and related device structures 17

2.1.1 Conventional field-effect transistor (FET) physics and
limitations 18

2.1.2 Alternative FET-related structures on silicon bulk
and other materials 34

2.2 Advanced FET-related devices 39
2.2.1 Introduction 39
2.2.2 Silicon-on-insultator FET technology 43
2.2.3 Ultra-thin FDSOI MOSFETs 69
2.2.4 Double-gate and FinFETs 79
2.2.5 Silicon multigate nanowires 92
2.2.6 Junctionless transistors 98
2.2.7 Tunnel field-effect transistor 100

2.3 Different approaches for semiconductor device modeling
and simulation 109
2.3.1 TCAD tools: technological motivation and general outlook 109
2.3.2 Drift-diffusion transport model 113
2.3.3 Semi-classical transport and higher moments

transport models 114
2.3.4 Stress- and orientation-dependent mobility in silicon 121
2.3.5 Mobility in ultra-thin body of strained SOI transistors 123
2.3.6 Quantum and quantum-corrected transport models 128

2.4 Alternative materials and device structures 132
2.4.1 Introduction 132
2.4.2 Nanostructured materials, amorphous and SiGe alloys,

and its applications 135
2.4.3 Photodetectors and micro-machined bolometers 141
2.4.4 CMOS process-compatible silicon-in-package (SiP) 151



2.5 Conclusions 154
Acknowledgments 156
References 156

3 Advanced device characterization techniques 187
3.1 Conventional electrical characterization and modeling techniques 187

3.1.1 Measurement and extraction of basic electrical parameters 188
3.1.2 Parasitic effects and de-embedding under nonconventional

bias conditions 195
3.2 Reliability, degradation, lifetime prediction, and failure 215

3.2.1 Bias temperature instability of high-k materials
beyond HfO2 215

3.2.2 Hot carriers in nanoscale devices 241
3.2.3 Filamentary conduction in thin dielectric films 255

3.3 Alternative approaches for device characterization including
magnetic fields 281
3.3.1 Classical magneto transport in FET-based devices 282
3.3.2 Magneto-tunneling and nonhomogeneous magneto

conductance 287
3.3.3 Conductance properties under constant and time-dependent

magnetic fields 302
3.4 Conclusions 313
Acknowledgment 321
References 321

4 The semiconductor device technology and its societal impact 349
4.1 Introduction 349
4.2 Energy-efficient electron devices and the sustainable

and green environment 349
4.3 Applications to safe and green environment 363
4.4 Applications to human health and medicine 376

4.4.1 Introduction 376
4.4.2 Invasive and noninvasive biosensors 381
4.4.3 Gastric applications 384
4.4.4 DNA applications 385
4.4.5 Smart skin 386
4.4.6 Cardiac and renal applications 387
4.4.7 Neuronal applications 388
4.4.8 Biometrology applications 390
4.4.9 Ingestible sensors 393
4.4.10 Health care platforms 395
4.4.11 Health care IoT applications 396

4.5 Conclusions 397
References 399

vi Nano-scaled semiconductor devices



5 The silicon era and beyond 413
5.1 Comments 413
5.2 Conclusion 438
References 438

Index 443

Contents vii





Synopsis

The subject of nano-scaled semiconductor devices and technology is a strategic and
emerging area of relevant societal importance in our ubiquitous electronics era.
This book is intended for scientists, engineers, and graduate students involved in
the research, technology development, education activities, and societal-related
applications where nano-scaled semiconductor devices are involved. With the rapid
evolution of the integrated circuit technology many new materials and fabrication
processing steps have been incorporated. These new materials and processing steps
enhance the electrical performance of nano-scaled semiconductor devices, resulting
in faster, more functional and complex electronics. However, this boosted capacity
comes with second-order effects that degrade device performance, impact its long-
term reliability, energy-efficiency and ultimately contribute to worldwide energy
waste and subsequent pollution. The characterization, modeling, and simulation
prediction of these second-order effects is strongly correlated to each other.
Therefore, this book, in a novel approach, attempts to blend the technology fabri-
cation, with the characterization, physics, and modeling in a synergistic manner.
For instance, the shrinkage of the device dimensions down to 14 nm and below
pose a big challenge for the development of appropriate transport modeling
mechanisms, which in turn require advanced characterization and modeling tech-
niques. The characterization techniques, developed for studying transport in
nano-scaled devices, is also a novel contribution of this book. Blending the char-
acterization, modeling, physics, and technology is quite relevant for achieving
energy-efficient electronics. Moreover, there is a benefit that device developers can
get out from the complex nano-scaled semiconductor device technologies. This is
also a topic that this book covers. The potential use of these new materials and
structures for the development of new and alternative devices or functions, such as
water decontamination, energy renewal, physiology research, energy-efficient milk
and meat production, or optimal and energy-efficient crop irrigation. This book also
correlates the fundamental physics and device electrical performance with energy
efficiency, energy savings, and thus contributes to the development of a greener
and more sustainable world.





Chapter 1

Introduction

Edmundo A. Gutiérrez-D.1 and Fernando Guarı́n2

Semiconductor technology has profoundly changed the world influencing most
aspects of today’s society. As we review the evolution of the integrated circuit
technology over the last three decades, from 1985 to 2015, we observe how the
device dimension reduction evolves from the micrometer to the nanometer scale,
but performance can no longer be improved by mere scale reduction and other
innovations, such as the incorporation of new materials from the periodic table,
new fabrication technology steps or structures, or the introduction of mechanical
strain and crystal reorientation to boost carrier mobility. We notice the evolution
from the classical two-dimensional metal-oxide-semiconductor field-effect tran-
sistor (MOSFET) toward the three-dimensional FinFET and further experimental
device structures, such as nanowires and quantum dots. An overview of the
potential new devices or functions, based on the new materials and processing
steps, will also be introduced so the reader becomes aware of the wide and vast
opportunities far beyond microprocessor-based electronics.

The MOSFET channel length has been reduced from 20 mm in 1985 down to
14 nm in 2015; this is 1428 times in an exponential trend, which implies going from
40,000 up to 4.3 billion transistors per chip. As a result of such dramatic technology
evolution, there have been significant economic implications; the revenue, of the top
20 semiconductors companies, has linearly climbed from 22 billion USD in 1985
to 233 billion USD projected for 2015 as shown in Figure 1.1 [1.1]. Such an impressive
technology–business evolution, over the last 30 years, has been possible thanks to the
coordinated size scaling coupled with the introduction of ever more materials from
the periodic table, as well as new and advanced fabrication processes and lithography.

The most prominent scientific and technology developmental findings, as
well as their application, in the field of electronics and adjacent disciplines
since 1985 will be reviewed. This overview is done through the material level up
to the applications, passing through the fabrication technology, device structures,
and device modeling and simulation.

Figure 1.2 shows a compilation of the different materials and FET-related
device structures introduced since 1985.

1Department of Electronics, National Institute for Astrophysics, Optics, and Electronics, Puebla, Mexico
2GlobalFoundries, Inc., East Fishkill, NY, USA



The conventional planar MOSFET in 1985 used a basic number of around
eight different materials including Si itself [1.2]–[1.5]. Then from the beginning of
1990, there is a linear increase in the number of materials incorporated in the
fabrication process, which coincides with the introduction of the first commercial
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silicon-on-insulator (SOI) field-effect devices (FET) [1.6]. Since 1985 until around
1990 many materials were incorporated to reduce detrimental hot carrier effects
[1.7], also to improve the quality of the semiconductor–oxide interface [1.8] that
was also used to replace traditional polysilicon gates for metal gates. Germanium
was also used to suppress hot carrier effects [1.9]. An elevated source/drain FET
structure was proposed in 1990 [1.10] that was able to reduce the series resistance
effects. The electrical contact has been found to be a big barrier for further down-
scaling into the deep submicron scale. Therefore, Tungsten and Titanium were
introduced to reduce contact resistance [1.11], [1.12]. Cobalt was introduced as a
source/drain silicided contact in reference 1.13. Later on, in 1991 Tantalum was
introduced as a diffusion barrier for Al or Cu in [1.14]. At the beginning of the 90s
hot carrier, series resistance and self-heating were the two emerging research topics.
Shallow trenches, for instance, replacing LOCOS was introduced in reference 1.15,
which allowed the fabrication of 16 Mb DRAM cells with a low leakage condition.

In 1988 SOI MOSFETs device structures were introduced [1.16]. The double
gate SOI MOSFET was introduced in 1992 [1.17]. Surrounding gate MOSFETs were
subsequently introduced in 1991 [1.18]. The pocket implantation was introduced
in 1992 [1.19]. Then the subquarter micrometer complementary metal-oxide-
semiconductor (CMOS) on ultrathin SOI was introduced in 1992 [1.20]. Besides
changes to the device structure, observed in the 1985–1990 period, other materials
were introduced as the device dimension continued its way into the deep sub-
micrometer range. Palladium, for instance, was incorporated as a Cu/Pd-silicide stack
for metallization [1.21]. By 1989, Cooper had been introduced for VLSI inter-
connects [1.22]. Then in 1992 a combination of bipolar and CMOS (BiCMOS) was
developed as a potential technology for RF applications with a 60-GHz cutoff fre-
quency [1.23]. In the same year the SiGe modulation-doped field-effect transistor was
introduced [1.24]. This device is also known as the high electron mobility transistor.

In 1993 the introduction of monolithic Si RF amplifiers, for the 800–900 MHz
band, brought the incorporation of CMOS inductors [1.25]. Other materials, such as
Indium (In) and Antimony (Sb), were introduced as a method to improve short-
channel behavior [1.26]. In order to reduce punchthrough, halo doping was intro-
duced [1.27]. The first observation of process-induced mechanical strain impact on
electrical performance for 0.5-mm transistors was observed in 1994 [1.28], where the
trapping activation energy was changed with mechanical stress. A year before in 1993
the mechanical strain was introduced as a booster to enhance electron transport in
MOSFETs [1.29]. The first fabricated 80-nm MOSFET was reported in 1994 [1.30].

By 1995 we saw the introduction of organic polymers, such as polymide (PI),
which were used as low-capacitance dielectric for multilevel interconnection. The
PI was used as reflowable organic spin-on glass (SOG). The SOG-filled dielectrics
reduce interconnection capacitance down to a 70% respect to that of conventional
structures [1.31]. As the CMOS continues scaling down below 0.1 mm (100 nm),
RF applications begin to show up, and with that the need for high-Q reliable
inductors, which are then introduced as four metal-level spiral inductors in refer-
ence 1.32. Then Chemical Vapor Deposition (CVD) stacked gate dielectrics are
introduced to enhance ‘‘etch stop’’ and thus preventing diode leakage due to pitting
of the substrate during the gate etch [1.33].
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In 1997, the use of Deuterium (D) also known as heavy hydrogen (2H) as a post-
metal annealing to increase hot carrier reliability is seen [1.34]. A GaAs MESFET was
transferred to a Si substrate by using a substrate removal process [1.35]. Silicon Car-
bide (SiC) showed promise as a wide-band material for MOS transistors. It was tested
for P-type SiC and showed that a high-quality oxide could be grown on it. This opened
the door for power and high-temperature electronics [1.36]. Amorphous Si (a-Si) is
introduced as a component of a gate stacked W-polycide structure. This prevented the
deterioration of the gate oxide caused by the fluorine ions in conventional W-polycide
gated MOSFETs [1.37]. As the SiO2 thickness was scaling down to 2.8 nm, it was
necessary to incorporate oxynitrides [1.38] to obtain uniform oxide thickness intro-
ducing the new reliability concern for negative bias temperature instability (NBTI),
which was first reported for advanced devices in 1997 [1.39]. This effect manifested
itself as an increase in the threshold voltage for pFETs with a consequent decrease in
the channel current [1.39]. NBTI optimization became a major integration challenge
for new processes as Tox was further reduced with optimized nitrogen content. For
1.5 nm Vt stability represented a major reliability concern. Therefore, TiO2 was
introduced as a high-permittivity gate oxide dielectric [1.40]. W/TiN, as a way to
control the threshold voltage, was introduced as a metal gate [1.41].

A 135-GHz cutoff frequency for a 70-nm NFET of CMOS technology was
reported in reference 1.42. The NBTI is first introduced as a reliability issue.
Oxide–nitride gate dielectrics thinner than 2.0 nm and Ti and Co silicidation were
introduced for self-aligned T-shaped gate MOSFETs in references 1.43 and 1.44.
This fabrication technology used chemical mechanical planarization, and the
T-shaped gate structure helped in reducing the gate resistance, which in turn
improved the thermal stability of gate structures. Zr-Sn-Ti-O amorphous dielectrics
for potential application as storage capacitors in DRAM were introduced [1.45].
Tantalum (Ta) as Ta2O5 dielectric was proposed for future generation of MOS
devices with reduced leakage current [1.46].

In 1999 Copper (Cu) as a metal gate was introduced [1.47]. Carbon (C) was
introduced in vertical MOSFET by the use of thin SiGeC layers in the source and
drain regions [1.48]. Zirconium as ZrO2 was introduced as high-K dielectric for
MOSFET application [1.49].

The above has been a rough overview of materials and device structures from
1985 to 2000. Many research works have not been cited thus far because the quantity
is so large that there would not be enough room to accommodate all the references.
Our primary intention was to acquaint the reader with a general overview.

The year 2000 began with the introduction of Indium (In) for threshold voltage
control in 0.1 mm MOSFET [1.50]. La2O3 was tried as high-K dielectric [1.51].
FinFET showed up for the first time [1.52]. The electrical and reliability properties
of ultrathin HfO2 were investigated, and then proved to work as a gate dielectric in
MOSFETs [1.53].

In 2001 Titanium (Ti) and Molybdenum (Mo) were introduced as metal gate in
MOSFETs [1.54]. In 2002 Ruthenium (Ru) and Tantalum (Ta) were introduced as
metal gate electrodes [1.55]. Strontium is tested as a high-K dielectric for MOS
applications [1.56].
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In 2003 different substrate orientations to enhance carrier mobility on high-k
dielectric-based MOSFET was attempted for the first time [1.57]. Terbium (Tb)
was introduced as doping material for high-density MIM capacitors [1.58].

In 2004 a CMOS nanotechnology with strained-silicon was introduced in a
90-nm technology [1.59]. The operation principle of the tunneling FET was intro-
duced [1.60]. Ytterbium (Yb) introduced as a Schottky barrier source/drain in
MOSFETs [1.61]. A 45-nm CMOS node 41-stage ring oscillator was designed,
fabricated, and tested for a 25-nm FinFET technology [1.62]. A sub-1-nm effective
oxide thickness CMOS process was developed [1.63].

In 2005 Terbium (Tb) was considered as TaTbxN metal gate electrode for n-
MOSFETs [1.64]. Carbon nanotubes were considered as interconnects for gigascale
integration [1.65]. Iridium (Ir) was introduced as gate dielectric in MOSFETs as the
IrO2-IrO2-Hf-LaAlO3 oxide [1.66]. A 3D stacked Fin-CMOS technology was
proposed and implemented as the vertical stack of n- and p-type Fins on an SOI
substrate. The proposed structure achieved a 50% area reduction [1.67]. Yttrium
(Y) was introduced as a stacked Y2O3/HfO2multimetal gate dielectric, which
improved electron mobility and charge trapping characteristics [1.68].

In 2006 Iridium (Ir) was introduced as a silicided IrxSi-gated metal gate
(4.9 eV work function) p-MOSFET with HfO2 as a dielectric [1.69]. Chip cooling
became a crucial issue with the high-density integration. For microprocessors a
very aggressive and sophisticated cooling system will be required, such as liquid
cooling. Then a wafer-level integration of microchannels at the wafer backside with
microfluidic heat sink was proposed [1.70]. Scandium (Sc) was used to obtain a
low work function in metal gate nMOSFETs [1.71]. The use of Dysprosium (Dy) as
a stacked oxide for HfO2-based n-MOSFETs, which resulted in low Vt, high drive
current, and improved channel mobility was reported [1.72]. Gadolinium (Gd) was
used as an oxide buffer layer on Hf-based dielectrics, which resulted in a reduction
of the effective work function down to 4.05 eV [1.73]. Germanium (Ge) was
introduced as strain-transfer structure, which served as a mobility booster [1.74].

In 2007 Zirconium (Zr) was introduced as a ZrO2 dielectric with a dielectric
constant of 18 and a bandgap range of 5.1 to 7.8 eV in [1.75]. Tantalum carbide
(TaC) was tried as a metal gate on high-k dielectric MOSFETs [1.76].

In 2008 Selenium (Se) was used as a silicide contact for the S/D electrodes
[1.77]. In 2010 the scaling down to 45 nm brought some effects such as line width or
edge roughness that induced statistical variability was reported [1.78]. Another effect
related to extremely small dimensions was the one concerning the metal granularity
that induced threshold voltage variability was reported [1.79]. With the great
advancement in downscaling and the incorporation of new materials came the three-
dimensional stacking of chips that helped to increase the chip functionality [1.80].

The incorporation of new materials, different device structures, three-
dimensionality, and further downscaling sparked the search for new CMOS-
compatible materials, such as Lutetium (Lu) used as a composite LaLuO3 with a
dielectric k value of 30 for SOI MOSFETs in 2011 [1.81].

A new approach alternative to bulk MOSFETs is the junction-less transistors
proposed for the sub-20-nm regime [1.82].
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In the same 2011 the first atomistic studies on a 35 nm technology were
introduced [1.83]. The Cerium (Ce) is now tried as a high-k dielectric that helps in
improving the subthreshold characteristics of MOSFETs [1.84].

In 2012 Sulfur (S) was introduced as a molybdenum disulfide (MoS2) in a
monolayer channel MOSFET [1.85].

Later in 2014 the use of transition metal dichalcogenide materials, such as
MoTe2, MoSe2, MoS2, were being explored for potential MOSFET application in
the Lg ¼ 5 nm limit [1.86].

The incorporation of more than 40 different materials from the periodic
table together with the introduction of different device structures and processing
steps opened the door for the innovation and creation of a wide variety of FET-
related sensors. This has resulted in more than 35 different chemical, magnetic,
mechanical, optical, and thermal sensors as can be seen in Figure 1.3. The numbers
for the different types of sensors are only a rough approximation based on the major
FET-related sensor structures. There is a larger list of different sensors, but most of
them are modifications to the major and original sensor structures. The applications
of these sensors cover almost every aspect of human life, from the very obvious and
natural as the temperature, light, pressure, flow, to the very sophisticated, such as;
electronic nose (e-nose), DNA classification, and cancer detection, for instance. All
these FET-related sensors are CMOS-compatible, which has permitted the creation
of a wide variety of smart sensors. A more specific and detailed description of
these CMOS-sensors and their applications will be given in Chapter 4. A visually
schematic way to represent the impact of Si-based and FET-related devices is
shown in Figure 1.4, using what we call the ‘‘technological tree’’ is shown. The
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microprocessing function represented by the computer processors is the tree trunk
feeding from the semiconductor soil. While the microprocessor for computing is
the main application, there are two important branches, one related to the different
materials beyond the silicon used to boost the processing capabilities. The other
branch is the one related to the different FET-related devices as the sensors above
mentioned. The ‘‘technological tree’’ has grown so well that it has expanded to
almost all practical aspects of human life.

The saga of the evolution of FET devices from the micrometer down to the
nanometer size has not been free of complications. Many expected, an unexpected
second-order effects have led to less energy-efficient devices, degradation, and
inefficient electrical performance. These second-order effects are close to 20
different issues that will be described in detail on Chapter 2. In Chapter 3, the
different experimental methodologies to measure the second-order effects will be
described in detail. Finally in Chapter 5, we will deliver a summary of the pre-
vious chapters and write about beyond the silicon era and beyond earth mankind
impact.

With Figure 1.5, we would like to add a final self-explanatory comment on the
pervasiveness and ubiquity of the electronics–computing–communications–sensor/
actuator feedback system.

The world and the way the human being interacts with it is analog by nature,
but the way we electronically process the information, captured from our envir-
onment, is digital. The digital processing of information has been a key feature for
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Figure 1.4 The ‘‘technological tree’’ represented by its tree trunk and two
main branches of materials and devices. The pervasiveness of
semiconductor technology is shown through the plethora of
applications
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the worldwide rapid dissemination of information anywhere and anytime. This has
enabled faster, portable, low-cost, and low-energy consumption systems. The
wireless interconnectivity and the data storage and retrieval play an important role
as they depend on the wireless network availability. However, as already men-
tioned, the world and the human being are analog, and thus the outcoming and
incoming signals. Therefore, the development of high energy-efficient, low-cost,
and portable sensors and actuators, and its corresponding conditioning circuitry,
will play a key role in the future. Moreover the use of new materials and device
structures compatible with the mainstream semiconductor technology will also
enable the development of biomedical applications for health care, and the sus-
tainable green environment, which are much needed for the future generations.
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Chapter 2

Device physics, modeling, and technology for
nano-scaled semiconductor devices

E. A. Gutiérrez-D.1, F. Gámiz2, V. Sverdlov3, S. Selberherr3

and A. Torres-J.1

This chapter introduces the device physics, modeling, and technology for the dif-
ferent silicon-based device structures. Quantum-mechanical treatment for the
device physics is done as well as the different and alternative approaches for
advanced device simulation. The last section takes over the potential use that can be
given to new materials and device structures. A preliminary set of applications are
reviewed, such as Si-based materials with nanostructured properties, amorphous
SiGe alloys applications such as thermal and photodetector sensors. Furthermore,
the possibility to make use of CMOS fabrication steps for 3D Si die stacking is also
reviewed.

2.1 Bulk MOSFETs and related device structures

The Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) has been and
still is the workhorse device behind the semiconductor industry. The MOSFET was
born in the United States under the fatherhood of Atalla and Kahng in 1960 [2.1],
but its birth certificate was issued until 1963 as a patent number 3,102,230 [2.2].
Once the MOSFET showed good and reproducible electrical characteristics, the
idea to form a circuit composed of multiple field-effect transistors (FETs) flour-
ished with the realization of a commercial integrated circuit (IC) in 1963. Later in
1968 RCA produced the first commercial IC made of 120 p-type FETs as a 20-bit
shift register [2.3]. Later in 1968 RCA produced the first commercial com-
plementary metal-oxide-semiconductor (CMOS) IC, the 4000 series of CMOS
logic gates [2.4]. Of course the concept of the IC is attributed to Jack Kilby who in
1958 patented the idea [2.5], and later in 2000 was granted the Nobel Prize. In 1963
Wanlass and Sah also introduced [2.6], in an experimental way, a set of CMOS logical
gates, flip-flops, and ring oscillator with a maximum operating voltage of 40 V.
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This technology showed a transconductance gm ¼ 5� 10�4 A/V, and a leakage
current for a single inverter that would amount to 1 W of standby power for 107

inverters, which is about 100 nW per inverter, or 2.5 nA leakage current per inverter.
The propagation delay time is about 100 ns. While today a 28 nm CMOS technology,
for instance, can have a gm ¼ 7� 10�3 A/V, and a delay time in the order of ps.

In the two following sections a description of the conventional FET physics
and its limitations will be introduced, and then alternative FET-related structures
that alleviate the limited electrical performance of traditional FET devices are
introduced in the second section. In the subsequent sections advanced FET-related
devices, quantum effects, different approaches for semiconductor modeling and
simulation, alternative materials and device structures, are reviewed.

2.1.1 Conventional field-effect transistor (FET) physics
and limitations

As already mentioned the MOSFET concept was demonstrated in early 1960s
based on the surface semiconductor charge controlled by the electric field as shown
in Figure 2.1.

The charge Qs at the semiconductor surface, close to the semiconductor–gate
oxide interface, is controlled by the electric field Ey in the y-axis as shown at the
right side, which in turn is controlled by the gate (G) voltage. However, when a
potential difference between the drain (D) and source (S) electrodes increases (in
the x-axis direction), the charge Qs becomes dependent of both electric field com-
ponents, Ey and Ex. Basically what we have is a cloud of charges, either electrons or
holes, that modulates the drain-source conductance controlled by the four potentials
VG, VS, VD, and VB. In a conventional MOSFET of the 1980s–1990s, with a typical
channel length L from 10 to 0.5 mm, a gate oxide Tox from some 60 nm down to
14 nm, the electrical characteristics are like those depicted in Figure 2.2. Both are
conventional, non-LDD, polysilicon gate technologies, with a SiO2 gate oxide.

These are well-behaved MOSFETs with electrical characteristics close to the
ideal behavior for non-low-voltage analog applications. The 10 mm transistor has
been fabricated with an experimental process at INAOE [2.7], while the 0.5 mm
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Figure 2.1 A conventional n-type MOSFET device
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transistor is from a commercial AMI technology [2.8]. From the Id–Vd character-
istics a desirable high output resistance is observed for the 0.5 mm technology. In
both cases the saturation, or high output resistance region (a and b), is well defined.
The subthreshold regime (c and d) in both cases is also well defined. The 0.5 mm
transistor, because of the thinner gate oxide, has a larger current drive capability
than that of the 10 mm technology. The subthreshold slope S, a speed-switching
feature, is smaller for a 10 mm technology, while the threshold voltage Vt is smaller
for the 0.5 mm technology with respect to that of 10 mm.

Smaller transistors with advanced technology features, such as thinner gate
oxide, show better performance, faster switching, smaller threshold voltage Vt,
higher current drive capability, and higher transconductance gm (@Id/@Vg), which
result in lower bias voltage, faster circuits, and larger transistor density integration.
The device physics and technology behind the enhanced electrical performance, as
well as the limitations for a further down scaling, are described as follows.

At the semiconductor–oxide interface the energy bands bend as shown in
Figure 2.3.
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Several features are observed, which are fundamental for the electrical per-
formance of a MOSFET. Under the influence of a positive potential Vg applied to
the gate terminal, the energy bands, Ec and Ev, bend down at the semiconductor-
oxide interface. The energy band bending produces, in the semiconductor region, a
region depleted of holes with an extension yd, and very close the surface, within an
extension yinv, an inverted region populated with electrons. Such an inversion layer
populated with electrons connects electrically the source with the drain terminal.
The conductance of the MOSFET channel depends on both the gate (Vg) and the
drain voltage (Vd) in such a way that it produces the electrical characteristics shown
in Figure 2.2. A potential barrier at the semiconductor-oxide, and through the gate
oxide thickness Tox, develops as well. Such a potential barrier at the oxide prevents
electrons from the inversion layer to flow to the gate. However, if the gate oxide Tox

is thinner than 10 nm, a considerable amount of electrons can tunnel through the
gate oxide to the gate electrode. Another relevant feature is the thickness of the
inversion layer yinv, which is in the range within the 10 nm as shown in Figure 2.4.

Figure 2.4 shows the simulated current density for an n-type MOSFET with a
gate oxide Tox ¼ 14 nm for a particular bias condition Vg ¼ 0.3 V and Vd ¼ 0.1 V.
Most of the current that flows from source-to-drain is confined into a well
potential of a thickness yinv of about 5 nm. Such a thickness, which determines the
channel conductivity, is bias and technology dependent. It is uniform along the
channel if the drain-to-source potential is zero. The gate voltage dependence of
yinv, the inversion charge n, the surface potential ys, and the channel current Id

are shown in Figure 2.5. The inversion channel gets thinner as the Vg voltage
increases, while the inversion charge in the channel n increases exponentially,
which compensates the thinning of the inversion channel. The surface potential ys

first increases linearly in the subthreshold regime, 0 < Vg < 1.0 V, and then tends
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Figure 2.3 Energy band bending at the semiconductor–oxide interface for a
p-type semiconductor case
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to saturate at higher Vg voltages. The ys potential is a measure of the energy band
bending at the surface, and because both n and Id are exponentially dependent on
ys, they follow the ys–Vg shape.

It follows that the subthreshold slope S, as well as the transconductance gm, is
tightly related to ys, and its derivative with respect to Vg.

The optimization of the electrical performance of a MOSFET, i.e., a high
current drive capability, a small subthreshold slope S, a high transconductance gm,
and a low threshold voltage Vt, is intimately linked to the ability of the gate elec-
trode to control the energy band bending at the semiconductor surface, and the
capability of the channel to drive the charge from the source to the drain electrode.
The impact of the gate oxide thickness Tox on the subthreshold slope S, the trans-
conductance gm, the threshold voltage Vt, and the current drive capability Id at the
gate overdrive voltage Vg þ 1.0 V is shown in Figure 2.6. The thinning of Tox

makes the MOSFET faster as the subthreshold slope S becomes smaller, which
implies a faster digital off-on-off commutation. A larger transconductance gm

means the MOSFET is able to charge and discharge a capacitive load in a shorter
time. For very thin gate oxides the reduction of the threshold voltage with Tox,
makes the MOSFET very leaky at low Vg voltages. The channel current Id at the
same gate overdrive voltage (Vg ¼ Vt þ 1.0 V), for the different gate oxide thick-
nesses, increases for thinner Tox, which is good in terms of an enhanced current
drive capability. It is not only the drastic reduction of the threshold voltage Vt,
which degrades the electrical performance, but two other effects like tunneling
through the gate oxide [2.9] and polysilicon depletion at the gate electrode [2.10].
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These two performance degradation mechanisms are shown in Figure 2.7. As the
gate oxide thickness Tox becomes thinner, the probability for carriers to tunnel
through the oxide potential barrier increases and becomes evident for Tox < 10 nm
as shown in Figure 2.7b. For oxides thinner than 4 nm the direct tunneling (DT)
[2.11] dominates, while for thicker oxides the tunneling is assisted by trap-assisted
tunneling (TAT) [2.12]. For Tox in the order of 2 nm the gate oxide leakage current
can be in the range of 300 pA.
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With the increase of the Vg voltage the lower part of the polysilicon gate at the
interface with the oxide depletes. This mechanism is more pronounced for thinner
gate oxides where the polysilicon gate is not uniformly doped, but has a lower doping
profile at the gate–oxide interface. This makes the gate oxide effectively to increase
from its nominal value Tox to Toxeff ¼ (Tox þ Wpd), where Wpd is the thickness of the
polysilicon depletion region. The straightforward effect is a reduction of current drive
capability at high Vg values and a reduction of the transconductance as shown in
Figure 2.7b. However, when the MOSFET drain voltage Vd increases, the distribution
of the oxide electric field is not homogeneous anymore as shown in Figure 2.8.
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The depletion of the polysilicon gate at the bottom side of the gate–oxide inter-
face makes the oxide to virtually extend a little bit into the polysilicon material, which
results in a thicker effective oxide Toxeff ¼ (Tox þ Wpd). The non-uniform polysilicon
doping, in the y-axis, as shown at the upper right side, is responsible for the poly-
silicon depletion effect. However, when the drain voltage Vd increases, the dis-
tribution of the oxide electric field Eox along the channel axis (x-axis) is not uniform
anymore, and thus the polysilicon depletion effect becomes x-dependent through the
bias condition as shown by the dotted line drawn through the oxide. The polysilicon
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becomes less depleted at the drain than at the source side. The physics inside of the
MOSFET becomes two-dimensional (2D). The 2D nature of the physics inside of the
MOSFET becomes more evident when looking at the conduction band bending Ec

and channel electric field �E for two MOSFET with channel length L of 1.0 mm and
30 nm (see Figure 2.9). Three relevant differences are readily observed. The magni-
tude and the shape of the longitudinal or channel electric field �E, which for an L¼
30 nm MOSFET is wide and extends over almost all the channel length with a
magnitude above 1 � 105 V/cm. For the L¼ 1 mm MOSFET the electric field –E
is narrow in shape with a magnitude above 1 � 105 V/cm extending only about 10 nm
close to the drain side. The maximum electric field for an L¼ 30 nm peaks at 1.5 �
106 V/cm, while for L¼ 1.0 mm peaks at 2.5 � 105 V/cm. The conduction band edge
Ec for L¼ 1.0 mm is linear in the channel, while that for L¼ 30 nm is never linear,
which indicates a strong penetration of the longitudinal electric field lines into the
channel. This implies that the charge in the inversion channel, for short channel
devices, is not only controlled by the gate voltage (transversal electric field) but by the
longitudinal electric field as well.

The second relevant feature for a short channel MOSFET is the generation of
hot carriers [2.13]. A high electric field means the carriers, either electrons for an
n-type or holes for a p-type MOSFET, acquire enough energy above the lattice
temperature producing electron–hole pair ionization along the channel where they
multiply by the avalanche mechanism. This is measured as an impact ionization
bulk current Ib as shown in Figure 2.10a.

E o
x (

V
/c

m
)

Vd = 1.0 V

Vd = 0.0 V

Tox

Npoly

Wpd

Semiconductor

Veff

L

G

S D

∆L

y

x

x

Oxide

Figure 2.8 Schematic representation of the polysilicon depletion effect at the
bottom side of the gate electrode (G), and simulation of the oxide
electric field as a function of the x-axis for Vd ¼ 0.0 V and 1.0 V

Device physics, modeling, and technology for nano-scaled semiconductor 25



0.1

0

−0.02

−0.04

−0.06

−0.08

−0.1

−0.12
0.015 0.02 0.025 0.03

<10 nmS

L = 30 nm

D

e–
e–

0.035 0.04 0.045 0.05 0.055

L = 1 μm
3 105

2.5 105

2 105

1.5 105

1 105

5 104

−5 104

2 106

1.5 106

1 106

5 105

−5 105

0

0

S D

e–

e–0.05

0

−0.05

C
on

du
ct

io
n 

ba
nd

, E
c (

eV
)

C
ha

nn
el

 e
le

ct
ric

 fi
el

d,
−E

 (V
/c

m
)

C
ha

nn
el

 e
le

ct
ric

 fi
el

d,
 −

E 
(V

/c
m

)

C
on

du
ct

io
n 

ba
nd

, E
c (

eV
)

−0.1

−0.15 0.6 0.8 1 1.2
x (μm)

x (μm)

1.4 1.6 1.8
(a)

(b)

Figure 2.9 Simulated conduction band energy Ec and channel electric field versus
channel axis x for two MOSFET of (a) L ¼ 1 mm, and (b) L ¼ 30 nm

26 Nano-scaled semiconductor devices



3.5

1000 200

150

100

50

0

900

800

700

600

500

400

300

200
0.2 0.3 0.4 0.5 0.6

Channel length, L (μm)
0.7 0.8

3

2.5

Ibpeak
20

15

10

5

0

nMOSFET
(W/L) = (20 μm/0.7 μm)
Vd = 2.5 V
Tox = 15 nm

nMOSFET
(W/L) = (20 μm/0.7 μm)
Vd = 2.5 V
Tox = 15 nm
Vd = 2.5 V @ Ibpeak

2

1.5

1C
ha

nn
el

 c
ur

re
nt

, I
d (

m
A

)
C

ha
nn

el
 c

ur
re

nt
, I

d (
μA

)

B
ul

k 
cu

rr
en

t, 
I b

 (n
A

)
B

ul
k 

cu
rr

en
t, 

I b
 (n

A
)

0.5

0
0 0.5 1 1.5 2

Vg (V)(a)

(b)

2.5 3 3.5

Figure 2.10 (a) Experimental Id and bulk current Ib versus Vg, and (b) Id and Ib

versus channel length L

Device physics, modeling, and technology for nano-scaled semiconductor 27



The experimental results shown in Figure 2.10 were taken from a 0.7 mm LDD
technology with Tox ¼ 15 nm. As seen from Figure 2.10a the Ib current follows the
classical bell-shaped curve, with a maximum value Ib peak [2.14]. The Id follows
the expected (1/L) increase as L is reduced from 0.7 mm down to 0.3 mm. However,
the Ib current, measured at its maximum value Ib peak, follows a rather more pro-
nounced increase (1/L3.5) when L is reduced down to 0.3 mm. This implies that
impact ionization generated by hot carriers worsens at shorter device dimensions,
which prompts for a device structure redesign to reduce impact ionization. An
alternative structure to reduce impact ionization will be shown in the next section.

Together with hot carrier and impact ionization comes the third relevant fea-
ture, which is self-heating [2.15]. Self-heating is a deleterious effect of the elec-
trical performance of MOSFETs. It reduces the carrier mobility in the channel by
increasing the local temperature and the phonon population, and adversely impacts
its reliability. The self-heating originates at the device region where carriers reach
their maximum energy, close to the drain-bulk junction for a conventional bulk
MOSFET. And because of the poor thermal conductivity of the gate oxide thick-
ness, the heat flows into the bulk as shown in Figure 2.11.

The simulation shown in Figure 2.11 was performed with the gtsFramework
tool [2.16]. The x–y profile of the differential temperature DT is shown in
Figure 2.12. The differential temperature DT ¼ (TSi – Tamb) is the difference of the
internal device temperature TSi and that of the ambient Tamb. The increase of the
local temperature due to self-heating concentrates close to the drain/bulk junction
and spreads out toward the source side and into the bulk. The gate oxide blocks the
heat flow toward the gate electrode as shown in Figure 2.12b.

The differential temperature DT or the device temperature above the room
temperature (300 K) follows an almost linear behavior with respect to the electrical
power consumed by the device (see Figure 2.13a).

As shown by the simulated results in Figure 2.13b the rate of increase of the
local temperature per mW of device power consumption (dDT/dP) is proportionally
larger for shorter devices. Combining the use of the gtsFramework simulation tool
and data published in References 2.17 and 2.18, the thermal conductance Gth as a
function of the channel length is shown in Figure 2.14a. It is seen that the ability of
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Figure 2.11 Simulated lattice temperature for a (W/L) ¼ (10 mm/250 nm)
nMOSFET biased at Vg ¼ 2.0 V and Vd ¼ 5.0 V
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a MOSFET to conduct heat decreases as the channel length becomes shorter. For
the gtsFramework simulation case a nMOSFET with a bulk thickness Tb ¼ 10 mm
has been assumed, while the simulation is performed for different channel lengths
with a constant width W ¼ 1.0 mm.

The self-heating effect worsens as the device length reduces from the micro- to
the nanometer scale size. The thermal conductance Gth is also less dependent on
temperature as the device dimensions shrinks down as shown in Figure 2.14b. The
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modeling and prediction of self-heating in nano-scaled semiconductor devices
becomes quite complex and requires solving the lattice heat flow equation.

r � GthrTLð Þ ¼ rCth � @TL

@T
� H (2.1)

The coefficient r is the mass density, while Cth is the specific heat or the
equivalent thermal capacity, and H is the heat generation. However, the model for
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the heat generation H depends on the charge transport model to be used, which can
be Drift-Diffusion (DD), Hydrodynamic (HD), Monte-Carlo (MC), or Density
Gradient (DG). The classical Drift-Diffusion (DD) and semiclassical approach
considering HD transport are expected to fail at the sub 0.1-mm regime [2.19]. In
order to cover quantum-mechanical effects, such as quantum confinement or
charge tunneling, in a computationally economical approach, the DD model is
modified through the DG approach, which recreates the inversion centroid charge
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[2.20] and improves the calculation of tunneling through the gate oxide. For car-
riers under high electric field, they might reach carrier temperatures above the
lattice temperature. In this case HD must be used for carrier transport simulation.

The conventional way of treating charge transport in large semiconductor
devices, in the order of micrometers in size, has been through the combined solu-
tion of the Poisson equation, the continuity equation for electrons and holes, and the
charge transport equations, which can be DD or any other approach as shown in the
next set of equations.

eDj ¼ q n � p � Cð Þ (2.2)

qR ¼ r �~Jn � q
@n

@t
(2.3)

�qR ¼ r �~Jp þ q
@p

@t
(2.4)

~Jn ¼ qmnn r Ec

q
� j

� �
þ kTL

q
� Nc

n
r n

Nc

� �� �
(2.5)

~Jp ¼ �qmpp r Ev

q
� j

� �
� kTL

q
� Nv

p
r p

Nv

� �� �
(2.6)

The relation between charges and potential j is captured with the Poisson
equation (2.2), where n and p are the electron and hole charge concentrations in the
semiconductor, respectively. C represents the concentration of fixed ionized char-
ges. The mass conservation is captured with the continuity equations (2.3) and
(2.4), where R represents the net generation of electron–hole pairs minus the net
recombination rate of electron–hole pairs. Under thermal equilibrium R is neglec-
ted. ~Jn and ~Jp give the current density for electrons and holes, respectively. This
couple of equations states that the semiconductor system will contain neither
charge sources nor sinks. Under the presence of hot electrons, which causes either
impact ionization or gate-oxide tunneling current, the mass conservation is vio-
lated, which requires the model to be modified.

Finally, when the charges, either electrons or holes n and p, are exposed to a
gradient of the electric potential j, or a gradient of the charges, which represents
forces upon the charges, the charges will move or transport from an initial to a final
position. This charge displacement or transport is conventionally represented by
(2.5) and (2.6). In these two equations drift is represented by the first term, and
diffusion by the second term between brackets. The gradient of the internal
potential is referred to the conduction band edge Ec for electrons, and to the valence
band edge Ev for holes. Nc and Nv refer to the effective density of states for elec-
trons and holes, respectively. TL refers to the lattice temperature, which may be
different to that of the carriers Tn(p). However, for the DD case Tn(p) ¼ TL. The
carrier mobility for electrons and holes are represented by mn and mp. The force of
an externally applied electric field E contributes to the charge drift. The charge flux
originated by the externally applied electric field leads to an internal gradient of the
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charge distribution, which contributes to the charge diffusion. In general, the DD
approach states that a charge can move either by drift or diffusion. However, under
the action of a high electric field carrier temperature Tn or Tp may differ from that
of the lattice TL. In this case the hydrodynamic model (HD) must be used to cal-
culate the current density as shown by the next set of equations [2.21].

~J n ¼ qmnn r Ec

q
� j

� �
þ k

q
� Nc

n
r n � Tn

Nc

� �� �
(2.7)

~J p ¼ qmpp r Ev

q
� j

� �
þ k

q
� Nv

p
r p � Tp

Nv

� �� �
(2.8)

If average carrier energies are to be conserved, then the energy balance equa-
tions stay as follows [2.22].

r � �Gthn � rTn � 5
2
� kTn

q
� ~Jn

� �
¼ r Ec

q
� j

� �
�~Jn

� 3k

2
@ n � Tnð Þ

@t
þ R � Tn þ n � Tn � TL

trn

� �
(2.9)

r � �Gthp � rTp þ 5
2
� kTp

q
� ~Jp

� �
¼ r Ev

q
� j

� �
�~Jp

� 3k

2

@ p � Tp

� �
@t

þ R � Tp þ p � Tp � TL

trp

� �
(2.10)

Here, trn and trp refer to the energy relaxation times, while the term between
brackets at the left side of the equation refers to the energy fluxes. Gthn and Gthp are
the thermal conductivities for electrons and holes, which follow the Wiedemann-
Franz law [2.23] that represents the ratio of the electronic contribution of the
thermal conductivity to the electrical conductivity.

Gthn ¼ 5
2
� k2

q
� Tn � mn � n (2.11)

Gthp ¼ 5
2
� k2

q
� Tp � mp � p (2.12)

In the case of DD the heat generation H in the heat flow equation (2.1),
becomes

H ¼ r Ec

q
� j

� �
�~Jn þr Ev

q
� j

� �
�~Jp þ R Ec � Evð Þ (2.13)
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While for the HD case, the heat generation H stays as

H ¼ 3
2

k � n
Tn � TL

trn
þ p

Tp � TL

trp

� �
(2.14)

As mentioned earlier DG is a computationally inexpensive an alternative way to
incorporate quantum corrections without the need of self-consistently solving the
coupled Schrodinger-Poisson equation system. The quantum corrections in the DG
approach are introduced through the use of quantum correction potentials gn and gp for
electrons and holes, which results in a modified transport equations as follows [2.24]:

~Jn ¼ qmnn r Ec

q
� j� gn

� �
þ kTL

q
� Nc

n
r n

Nc

� �� �
(2.15)

~Jp ¼ qmpp r Ev

q
� j� gp

� �
� kTL

q
� Nv

p
r p

Nc

� �� �
(2.16)

The quantum correction potentials are given by [2.25]

gn ¼ ℏ2

m0lnq

r2 ffiffiffi
n

pffiffiffi
n

p (2.17)

gnp ¼ ℏ2

m0lpq

r2 ffiffiffi
p

pffiffiffi
p

p (2.18)

where the ln,p parameters can take values of 3 for the non-degenerate semi-
conductor case, or 9 for the degenerate case. In practice this is fitting parameter that
can be adjusted to values between 3 and 9 depending on the doping level.

Overall, for devices at or below the 100 nm size-scale the incorporation of
quantum effects is a must, and requires the combined solution of the Schrodinger
and Poisson equations together with those of transport, and the adoption of the MC
method for their multi-dimensional solution. A detailed discussion of advanced
modeling and simulation techniques will be described in Section 2.1.3.

2.1.2 Alternative FET-related structures on silicon bulk
and other materials

The conventional MOSFETs built with gate oxides thicker than 10 nm and poly-
silicon gates, show electrical performance limitations as shown in the previous
section. Such a limitations are a large threshold voltage Vt, which inhibits the use of
low-voltage supplies, a large subthreshold slope S, which makes transistor for high-
speed digital electronics unsuitable. The small transconductance gm is also another
limitation for high-speed electronics. The polysilicon depletion and the series
source/drain resistance are also two additional mechanisms, which negatively
impact the electrical performance. A way to circumvent all these limitations is
through the reduction of the channel length L and gate oxide thickness Tox. How-
ever, as the channel length and the gate oxide are reduced, the energy of the carriers
increases giving rise to hot carrier effects, such as impact ionization measured as a
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bulk current, oxide tunneling measured as gate leakage current, channel self-heating
measured as an increase of the local temperature, drain-induced barrier lowering
(DIBL) [2.26] measured as a reduction of the threshold voltage, or increase of the
channel leakage current.

The first approach to alleviate hot carrier effects has been the introduction of
the lightly doped drain/source (LDD) MOSFET structure [2.27]. The LDD struc-
ture is shown in Figure 2.15. The structure is composed of a double implantation
with a highly doped region (HDD) and a lightly doped section (LDD). A conven-
tional single implanted S/D MOSFET structure is represented by the thick white
dashed contour. The combination of the HDD and the LDD doping profiles results
in a buffer region DLDD, where the electric field reduces in magnitude and its
maximum peak value Emax_LDD moves away from the active channel region. In the
case of a single S/D implanted conventional structure, the electric field Emax_conv is
larger than for the LDD and peaks in the active channel region. As the hot carrier
generation is exponentially dependent on the electric field, a drastic reduction of
hot carriers happens for the LDD structure. Moreover, as the electric field peaks, in
the case of the LDD structure, outside the active channel region, thus the amount of
hot carriers injected into the gate oxide diminishes, which minimizes degradation
of the threshold voltage and improves gate oxide reliability.

The reduction of hot carrier generation by the use of a LDD structure is not for
free, it comes with a bias-dependent series resistance effect [2.28]. Because of the
light doping level at the DLDD region, the charges at the gate-to-source/drain over-
lapping regions DL becomes modulated by the gate voltage, which results in a
gate voltage-dependent series resistance as shown in Figure 2.16. The extracted gate
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Figure 2.15 LDD MOSFET structure and electric field distribution for a single
implanted conventional structure (dashed line), and for an LDD
structure (continuous line)
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overlapping length DL becomes also gate voltage dependent. At high gate voltages
DL becomes even negative, which means the fringe gate electric field extends
beyond the gate edge, controlling not only the charges under the gate-source/drain
overlap but also the charges beyond the gate edge. Despite the LDD structure has
been the workhorse for the MOSFET-based electronics for a long period of time
since its inception in the late 1970s when used for a 5-mm MOSFET generation
[2.29]. The reduction of the supply voltage and the contact resistance [2.30], has
required a modification to its structure in order to be ready for a further miniatur-
ization down to the 0.1 mm generation [2.31]. The 0.1 mm generation is a 1.5 V power
supply technology with dual nþ/pþ polysilicon gates on a 3.5 nm gate SiO2 oxide.

This 0.1 mm technology still makes use of local oxidation (LOCOS) as an
insulator between n- and p-type MOSFETs. The realized 50 nm shallow source/
drain junctions in this 0.1 mm technology implies the consumption of silicon during
the silicidation process, a problem avoided using the source-drain extension, a
modification to the original LDD structure. A counter doping pocket implant (halo)
is used to increase the doping level at the extensions, which further helps in sup-
pressing short-channel effects. The halo doping allows for heavier channel doping,
which in turn results in shallower source/drain junctions and thus in a reduced gate
length. However, transistors with a high uniform doping level, from the surface
through the bulk, this results in a degradation of carrier mobility due to combined
action of Coulombic and phonon scattering. Thus the incorporation of super-steep
retrograde channel doping profiles mitigates the carrier mobility degradation
[2.32], and helps keeping a threshold voltage Vt with low variability from device to
device. Gate oxides thinner than 10 nm brought the need to modify once again the
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original LDD structure by making use of nitrided oxide films in place of pure SiO2

[2.33]. The use of stacked nitride films prevents the boron penetration through the
gate oxide into the channel, which in turn, alleviates the threshold voltage variation
caused by the boron penetration into the channel.

In general the evolution of the FET-based IC technology can be split into three
stages and three blocks as shown in Figure 2.17.

Stage I goes from the 180 nm to approximately the 65 nm technology node, where
the LDD device structure incorporates many fabrication processes changes, such as
mechanical strain to boost carrier mobility, retrograde channel doping, elevated
source/drain regions [2.34] with shallow junctions and silicide contacts. Shallow
trench isolation (STI) is introduced as a way to prevent current leakage between
adjacent devices [2.35]. Chemical mechanical planarization (CMP) together with
Cooper interconnects are introduced as a way to flat and smooth the inter-level
dielectric layers in ICs [2.36]. In this first stage two popular microprocessor for
computing application, the 550 MHz 64-b Power PC and the 600 MHz 64-b Samsung
microprocessors, technologies are commercially introduced on Silicon-on-insulator
(SOI) technologies [2.37, 2.38]. These microprocessors are based on partially depleted
(PDSOI) or fully depleted (FDSOI) SOI technologies [2.39]. Alternative structures,
such as nanowires (NWs) [2.40] and quantum dots [2.41], are researched and for the
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first time envisioned as potential alternative for semiconductor device applications.
Other alternative structures, such as the tunnel FET (TunFet) [2.42] and the Schottky
Barrier FET (SBFet) [2.43], are also explored at the end of this first stage.

The second stage (Stage II) is dominated by the introduction of high-k gate
oxide dielectrics and metal gates. Low Power Mobile computing has been proved
to work in a 20 nm bulk planar CMOS technology. This technology features an
advanced high-k metal gate process, strain engineering. A fully functional high
density (0.081 mm2 bit-cell) SRAM is reported at 0.9 V voltage supply [2.44].
Radio frequency (RF) System-On-Chip (SoC) for wireless and smart phone appli-
cations are also proven to work on either bulk- or SOI-FET-based technologies
[2.45, 2.46]. These RF SoC applications have been developed on 32 and 28 nm
technologies, which have resulted on 4G/LTE (long-term evolution) mobile SoC
chips suitable for integration with multicore processors as well as analog and audio
mixed-signal front ends [2.47]. With increasing levels of integration the need for
3D silicon chip stacking has increased. The 3D silicon chip stacking is required to
meet the demand for high-density interconnection at medium and high frequencies
[2.48]. This approach is explored in this second stage. As a result of the high-
density integration high heat flux removal becomes a major consideration. An
alternative to dissipate the heat flux out of an IC chip is the use of multiple drainage
micro-trenches as proposed in Reference 2.49. Extremely Thin SOI (ETSOI)
devices, with low GIDL and low Vt variability, are researched as candidates for low
power applications. These ETSOI devices are built on 6 nm SOI layers [2.50].

Finally at the third stage comes the commercial introduction of both bulk and
SOI FinFETs for high-performance computing, which marks an evident transition
from the evolved planar MOSFET toward a 3D FinFET structure. In 2012 a 22 nm
generation featuring a fully depleted (FD) tri-gate transistor is first introduced for
SRAM and microprocessor applications [2.51]. Later in 2014 the second-generation
14 nm FinFET technology featuring with air-gapped interconnects is introduced for
mass production of high-performance microprocessors and high-density SRAM [2.52].
Also in 2014 IBM introduced a 14 nm SOI FinFET technology with 0.0174 mm2

embedded DRAM and 15 levels of Cu metallization [2.53]. An alternative to FinFET
devices, called Segmented-Channel MOSFET (SegFET), is researched as an option to
enhance electrostatic integrity and reduce short-channel effects using a still planar-
silicon substrate [2.54]. This device structure has the advantage of a simplified planar
MOSFET fabrication process with electrical performance as good as that of thin-body
SOI devices.

In an exploratory stage there are various devices among them a vertically
stacked gate-all-around silicon NW FET [2.55], which enables dynamic config-
uration of the device polarity to be n- or p-type. Si NW transistors with gate lengths
in the range of 20 nm have been shown a high Ion/Ioff ratio larger than 106. This NW
transistor is fabricated with a simpler process without junctions [2.56], which
results in improved short-channel characteristics compared to the inversion-mode
devices. A more advanced option is the silicon single-electron quantum-dot tran-
sistor, based on the Coulomb blockade effect, which has been demonstrated to
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work at room temperature for a silicon dot of about 12 nm of diameter [2.57].
Another option for the post-CMOS or post-FET era is the control of spin transport
in Silicon [2.58]. Spin-based devices are non-volatile information by nature. So
they are highly efficient in storing and processing information. They are also quite
efficient in transferring information as well, which in addition to other outstanding
features such as injection of spin-polarized currents into silicon makes them very
attractive for a CMOS-spin circuit combination [2.59].

Another option for high-speed electronics is the Resonant Tunneling Diode
(RTD) device [2.60]. Maximum frequencies of up to 2.2 THz have been demon-
strated with RTDs, which outperform that of Si-based FET devices [2.61]. The
RTDs may found application in different areas, such as high-resolution imaging
systems or wide-band secure communication systems.

Other than Silicon materials such as graphene, have been also researched as a
material with excellent electrical transport properties. Graphene can be grown as
a dimensional mono-atomic layer with excellent semimetal properties, such as
concentrations as high as 1013 cm2 with room-temperature mobilities of around
1 � 104 cm2/Vs [2.62].

The advanced semiconductor devices, such as FinFETs, SOIs, TunFets, NWs,
quantum dots, and spin-based devices, will be treated in detail in the subsequent
sections.

2.2 Advanced FET-related devices

2.2.1 Introduction
Power-Performance-Area-Cost (PPAC) trade-off relationship is the ‘‘leitmotif’’ that
moves today’s semiconductor industry. Since early 1960s, the reduction of
MOSFET dimensions with some punctual modifications to control short channel
effects (SCEs) has been enough to fulfill the above balance equation while fol-
lowing Moore’s Law (the number of devices in an IC will double every 18 months)
[2.63]. Meanwhile, the power consumption has been kept under control, at the same
time that the drain current and therefore the performance were largely increased.
Finally, the cost-per-device of each node was smaller than that in the just previous
one, or equivalently, the number of transistors that can be bought per dollar was
monotonically increasing node after node (Figure 2.18).

The major factors that control the drain current and therefore the performance
of a MOSFET transistor are the channel length, the carrier mobility, and gate
capacitance. Although the reduction of channel length would theoretically increase
the drain current and reduce the switching times of the device making it faster,
when this length approaches nanometric dimensions, the arising of physical and
essential limitations makes this picture much more complicated. These limitations
are related to SCEs, degradation of carrier transport, and increase of leakage current
and/or power consumption. SCEs (i.e., charge sharing between source/drain
depletion regions and the channel) [2.64] mean the lack of electrostatic control of
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the channel by the gate, and the degradation of the proper switching capabilities
of the transistor. To avoid SCEs, substrate doping level has to be increased.
However, there is a limit to how much the doping level can be increased before
junction breakdown becomes a problem. In addition, the increase in the substrate
doping produces an increase in the transversal electric field and a degradation of
the carrier mobility [2.65, 2.66], and also degradation in the gate-to-channel
capacitance, both facts producing a reduction of the on-current.

Keeping the gate-to-channel capacitance, while downsizing the gate length,
requires an equal factor of decrease in the gate oxide thickness. In the 65 nm
technology node with gate length of 32 nm, the thickness of the silicon oxide
should be about 0.9 nm, which is very close to the theoretical limit (around 0.7nm)
for bulk silicon dioxide [2.67]. Further device downsizing is only possible by
introducing high-dielectric constant (high-k) materials [2.68, 2.69]. By using gate
insulators with higher permittivity a larger value of the gate capacitance can
be achieved with a thicker film, thus not only resolving the physical constraint of
the oxide thickness for further downsizing but also helping to suppress the leakage
tunnel current through the gate.

Degradation of mobility because of high doping substrates can be compensated
by mobility or transport boosters [2.70]. The most straightforward way to improve
the carrier transport in MOSFETs is to induce uniaxial or biaxial tensile strain in
NMOSFETs and uniaxial compressive strain in PMOSFET channels [2.71]. Tensile
strain produces an energy band splitting of the silicon conduction band, and a
repopulation of the carriers, which originates a decrease of the transport effective
mass and a reduction of the phonon scattering. Biaxial strain can be induced by
substrate engineering, i.e., from epitaxial growth of tensile silicon on relaxed SiGe
layers, and uniaxial tensile or compressive strain can be obtained from Contact
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Etch Stop Layer (CESL) approach. Another efficient way to improve the carrier
mobility is to choose the appropriate crystalline orientation and the transport
direction (Table 2.1). Finally, other materials presenting higher electron and/or
hole mobilities, such as III-Vs, SiGe, or Ge, can be used to improve the transport in
the channel.

For very short channel devices, the resistance of the source/drain and the exten-
sion regions can be comparable to that of the channel, thus becoming in a showstopper
limiting the performance enhancement obtained by the channel length reduction. The
source/drain engineering is therefore another technology booster that implies the
optimal design of source impurity profiles and Schottky metal source structures.

But, performance is only one term in the equation. Power dissipation is also an
important ingredient. The power dissipation of a MOSFET is due to static and
dynamic contributions. Static power consumption is the product of the supply vol-
tage times the off-state current. Therefore, the reduction of static power consumption
requires an excellent control of the off-state current (including leakage currents), and
a low value of the threshold voltage, which would allow the scaling down of supply
voltage. However, a minimum value of the threshold voltage is required due to
subthreshold swing degradation, short channel threshold voltage roll-off, and DIBL
[2.72]. Another important effect of scaling is related to the increased current that
flows through the device in its off state. In addition to the subthreshold current,
several parasitic currents can contribute to the static power consumption: (i) first, for
nanometer size gate dielectrics, the probability for carriers to tunnel between the gate
and the channel is non-negligible [2.73]. An efficient way to reduce the gate leakage
is to increase the physical dielectric thickness, while keeping a sufficient potential
barrier height between the channel and the dielectric. In order to keep at the same
time a large capacitive coupling between the gate and the channel high-k materials
have to be used, as mentioned earlier. Another source of current leakage is the
junction leakage current between source/drain to body current of the PN junction. In
addition to this reverse PN junction current, a drain to body leakage can be induced
when a high gate to drain voltage is applied, as a consequence of the band-to-band
tunneling (BTBT) of electrons between the conduction band in the drain region and
the valence band in the accumulated region below the gate oxide. Finally, for
channel lengths below 10 nm, a significant amount of carriers can tunnel directly
from source-to-drain through the barrier potential [2.74].

Table 2.1 Mobility boosters for CMOS VLSI technology

Electrons Holes

Channel direction <100> <100> on (100)
<110> on (110)

Surface orientation (100) (110)
Strain biaxial tensile biaxial tensile

uniaxial compressive
Materials (III–V) SiGe/Ge
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With regard to dynamic power consumption, it can be kept under control by
reducing parasitic capacitances as much as possible [2.75].

In summary, so far PPAC trade-off condition has been achieved by geome-
trically scaling the gate length of the transistors to nanometric dimensions, without
involving any major change in the bulk MOSFET structure except a complexity
increase in the fabrication process using technology boosters which can be classi-
fied into three categories: (i) gate-stack engineering with the use of high-k insula-
tors and metal gate electrodes; (ii) source-drain engineering which includes
Schottky barrier source structures and optimal design of source impurity profiles;
and (iii) channel engineering, which includes the use of strain (global or local) and
the use of alternative high-mobility channel materials.

Thus channel lengths in the 30 nm range have been achieved using classical bulk-
Si MOSFETs [2.76]. However, a scaling limit for this classical CMOS bulk structures
beyond Lg ¼ 30 nm is now evident. The complex doping profiles required to control
SCEs, and the variability issues arising by the randomness of the dopant atoms, stop
bulk-Si MOSFETs from being scaled with reliable results further than 30 nm.

The increasing variability in the device characteristics is among the major
challenges to scaling and integration for the present and next generation of
nano-CMOS transistors and circuits [2.77]. The statistical variability of transistor
characteristics, which has been previously concern only in the analog design domain,
has become a major concern associated with CMOS transistors scaling and inte-
gration [2.78, 2.79]. It already critically affects SRAM scaling [2.80] and introduces
leakage and timing issues in digital logic circuits [2.81]. The statistical variability in
modern CMOS transistors is introduced by the inevitable discreteness of charge and
matter, the atomic scale non-uniformity of the interfaces and the granularity of the
materials used in the fabrication of ICs. The granularity introduces significant
variability when the characteristic size of the grains and irregularities become
comparable to the transistor dimensions. For conventional bulk MOSFETs Random
discrete dopants (RDD) is the main source of statistical variability [2.82]. Random
dopants are introduced predominantly by ion implantation and redistributed during
high temperature annealing. Apart from special correlation in the dopant distribution
imposed by the silicon crystal lattice, there may be also correlations introduced by
the Coulomb interactions during the diffusion process. For a complete study of
variability consider the work of Prof Asenov’s group [2.77, 2.83, 2.84].

No additional performance ‘‘boosters,’’ such as strained-Si channels and metal
gate stacks [2.76, 2.85], will enable a reliable classical technology beyond channel
lengths shorter than 30 nm. As the channel area underneath the gate is getting very
short, the gate is no longer powerful enough to control it properly. It could control the
top part of the channel but the further from the gate the less the control. In particular,
when the gate is off there are paths between source and drain that remain on and so
there is very high leakage. It is clear that new transistor architectures are required.

The basic constraint is that the entire channel needs to be close to the gate so
that it can be controlled properly. Therefore, if a thin channel is put on top of an
insulator, and the gate is built on top of that then there is once again good control
and low leakage (Figure 2.19). There are simply no paths through the channel that
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are far from the gate and so poorly controlled because the insulator isolates the
source and drain from the substrate. These devices are called SOI transistors. That
is thick-box SOI (box just stands for buried oxide, the insulator underneath the
channel). If, however, the box is very thin then the substrate itself becomes a sort of
second back gate and can further be used to control the channel, not to turn it on
and off but to affect its performance.

Another alternative to do this is to make the channel into a thin vertical fin and
wrap the gate around it. This structure is known as FinFET. Since the fin is thin, it
is never far from the gate and control is good and leakage is low. The following
parts of this chapter are devoted to review these interesting devices.

2.2.2 Silicon-on-insulator FET technology
Typical silicon wafers have a total thickness of less than 1 mm (usually 775 mm for
300 mm wafers [2.86]). Only a tiny slice of several micrometers at the top is used
for fabricating nanoelectronic devices, Figure 2.20. The unused bottom region of
monocrystalline silicon is necessary to ensure the structural feasibility of the wafer
and the devices, providing strength and avoiding breaks [2.87].

But using a semiconductor substrate also contributes to some undesirable
parasitic effects such as:

● Implicit electrical connection between different devices. It is usually solved
using lateral isolation techniques like STI, or channel stop implantations.
These techniques consume area and require more fabrication steps.

● Appearance of parasitic capacitances and devices. An NPN parasite BJT can
appear using the Nþ diffusion of the source or drain of a N-MOSFET as
emitter, the P-type well acts as the base and the N-type well as collector. A
PNP BJT can also appear the same way next to a P-MOSFET.

● Lower control over SCEs. The gate looses the electrostatic control over the
channel due to source and drain region influence. This limits the minimum
channel length of the device that can be fabricated. To overcome this problem,
high body doping to reduce the depletion regions has been used. However, this
increase in the body doping has a negative effect on mobility, threshold vol-
tage, transconductance, and device variability.
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Figure 2.19 Schematic of (a) a SOI MOSFET transistor and (b) a bulk MOSFET
showing different components of the off-current
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In order to solve these problems, the SOI technology proposes the use of a new
film made of dielectric. This insulator layer isolates the active region where devices
will be fabricated from the silicon substrate. There are two different alternatives:
using a thin insulator layer buried in the silicon wafer or using a wafer made of an
insulator material and growing a thin layer of silicon on its top. Both types of
approaches are depicted in Figure 2.21.

The most common option is to use the buried layer called BOX (Buried
OXide). This enables substrate biasing when the insulator layer is not very thick,
less than 200 nm. Nevertheless, to achieve a useful SOI wafer is very challenging.
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Figure 2.20 Details of the useful layer thickness on a bulk Silicon wafer. Only the
top region is used for fabricating devices, while the thick bottom region
remains unused providing mechanical strength and avoiding breaks
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Figure 2.21 Different SOI wafer configuration depending on the buried oxide
thickness. (a) In the panel A, a thin Si-film layer is grown or deposited
on top of an insulator substrate. (b) In the panel B, only a buried thin
layer of insulator separates the active area to the silicon substrate
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A thin monocrystalline layer of silicon needs to be grown on top of the insulator.
The Si-film must feature the same quality and properties as those grown in volume:

● low density of interface states
● uniform thin layers
● good performance of the dielectric

Figure 2.22 summarizes the main techniques for fabrication of SOI wafers.
Among all of them, the most important and used today is the Unibond tech-

nique or Smart-Cut. This is one of the most effective processes to produce com-
mercial SOI wafers. The Smart-Cut technique combines an ion implantation and
wafer bonding to transfer a thin slice of one wafer to another wafer or insulator
substrate. It was first developed in 1992 at CEA-LETI [2.88]. The main steps are
illustrated in Figure 2.23 and summarized below:

1. Initially, two bulk silicon wafers, ‘‘A’’ and ‘‘B,’’ are used. The surface of one
of them should be completely oxidized, for example, wafer ‘‘A.’’ This wafer
will be used for the active layer on top of the BOX. The next step consists on
implanting positively charged hydrogen ions (protons) on the wafer ‘‘A.’’ The
implantation’s energy will define the silicon film thickness.

2. After this, the wafer is cleaned and then bonded onto wafer ‘‘B’’ using the SiO2

previously grown to maintain them together.
3. Then, a first heat treatment is performed at around 400–600 ºC. With this, the

micro-cavities produced by the implantation of protons split up the wafer into
two pieces, one of them a bulk wafer, ‘‘A,’’ and the other an SOI wafer, ‘‘B.’’
After this, a second heat treatment to improve the connection between the BOX
layer and the wafer itself is carried out.
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Figure 2.22 Main techniques for SOI wafers fabrication

Device physics, modeling, and technology for nano-scaled semiconductor 45



4. Finally a chemical mechanical polishing (CMP) process is performed to
achieve a uniform wafer surface and also to thin the Si-film to the desired final
thickness.

The advantages that SOI technology provides compared to bulk are numerous.
Some of the improvements are [2.89]

● Avoid the connection between device and substrate:
* area consumption reduction
* avoid the latch-up
* lower power consumption
* better subthreshold swing
* lower leakage currents
* better transconductance
* improve the control of SCEs
* lower power voltage
* better immunity to ionizing radiation

● No need of body doping: lower Random Dopant Fluctuation (RDFs),
decreasing variability on threshold voltage, and other parameters.

● Capability of integrating different devices on the same wafer such as, CMOS,
power devices, bulk designs, and optoelectronics.

● Possibility to stack more than one layer of devices (the drawbacks are the inter-
connection issues that appear and also self-heating-related problems [2.89]).

The main disadvantage of SOI technology seems to be the higher price of the
wafers due to the extra fabrication steps needed. However, it is worth noting that the
final cost of an IC in SOI technology may be lower due to a simpler fabrication
process with less manufacturing steps. Together with the extra price, there is another
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Wafer B
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1º.- H+ Implantation 2º.- Cleaning and bonding

4º.- Polishing
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Figure 2.23 Smart-Cut SOI wafer fabrication technique based on wafer bonding
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important drawback of SOI. The self-heating effect (SHE) is more remarkable in SOI
wafers since the SiO2 is about two orders of magnitude less thermal conductive than
silicon. Thin-film SOI MOSFETs are therefore prone to accumulate heat because it
cannot be dissipated rapidly through the BOX. However, recent studies show that the
SHE is present but it does not represent a limiting factor for the reliability in ultra-
thin silicon films transistors, especially for fast switch operations [2.90]. Other
constraints that SOI wafers may include are [2.91–2.93]:

(i) The uniformity of the BOX and silicon layers is crucial to avoid high variability.
(ii) Floating-body effects (FBE) [2.94–2.96]. Although this is not always a

drawback, it may lead to an abnormal behavior.
(iii) Inter-gate coupling effects between front and back-channels. As the FBE, it

may be also an advantage.
(iv) Large series resistance in thin film devices. This is normally reduced by

raising the source and drain regions, RSD (raised source drain also known as
ESD, elevated source drain) technique [2.97, 2.98].

2.2.2.1 Partially depleted SOI MOSFETs
SOl CMOS involves building more or less conventional MOSFETs on a thin layer
of crystalline silicon, as illustrated in Figure 2.24. The thin layer of silicon is
separated from the substrate by a thick layer (typically 100 nm or more) of buried
SiO2 film, thus electrically isolating the devices from the underlying silicon sub-
strate and from each other. SOl CMOS process can be readily developed due to the
compatibility with established bulk processing technology.

SOl MOSFETs are often distinguished as partially depleted (PD) and fully
depleted (FD) [2.99, 2.100].

In case of PD transistors, the silicon film under the gate is not completely
depleted of mobile charges. In contrast, for FD MOSFETs no charge accumulation
or storage can be achieved without biasing the gates: there is no quasi-neutral
region, which serves as a potential well to store majority carriers. In general, the
thickness of the silicon film that determines whether it is PD or FD depends mainly

p channel

G G
D D

SiO2 SiO2

Buried SiO2

Si substrate

SiO2

S S

np+ p+ pn+ n+

n channel

Figure 2.24 Schematics of p-channel and n-channel transistors in SOI CMOS
technology
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on the body doping concentration, NA,D. The following equation indicates the
depletion depth for one interface with no lateral influence (1D model):

xD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�0�SiFs

qNA;D

s
(2.19)

where e0 and eSi are the permittivity of vacuum-free space and silicon relative
permittivity, respectively, q is the electron charge, and FS is the surface potential at
the interface. The maximum depletion width, XD,max, corresponds to FS ¼ 2FF,

where FF is the Fermi potential, equal to kT
q lnðNA;D

ni
Þ.

Typically, commercial silicon film thicknesses, tSi, larger than 70 nm corre-
spond to PD, and below 40 nm to FD [2.101]. The main differences between both
types of transistors are resumed in Table 2.2 and Figure 2.25 [2.102–2.105].

In a PDSOI device there is no interaction between the front and the back
depletion zones because tSi > XD,max. Therefore, the threshold voltage in a PDSOI
transistor is the same as in a bulk MOSFET:

VTH ¼ VFB þ 2FF þ qNAxD;max

Cox
(2.20)

where VFB ¼ FMS � Qox

Cox
is the flatband voltage.

As previously mentioned, in a PDSOI device, the body is thick enough such
that only part of the body region is depleted across the bias range of operation. This
means that part of the silicon film remains neutral, populated with mobile majority
carriers and surrounded by the buried oxide at the bottom, and laterally by source/
body and drain/body PN junctions. Therefore, this neutral area remains isolated
from any contact, as observed in Figure 2.26, i.e., the body of the transistor remains
floating and its potential is determined by capacitive coupling through the gate
oxide, Cg, the sidewall source and drain junctions, Cs and Cd, the BOX interface Cb,
and the leakage current through the junctions and the oxides. In Si-bulk devices, if
majority carriers are created during the operation of the transistor, they can be
evacuated through the substrate since this is directly connected to the substrate

Table 2.2 Partially depleted, fully depleted SOI, and bulk transistors comparison

Parameter Partially depleted Fully depleted Bulk

Silicon thickness >70 nm (typ.) <40 nm (typ.) —
Source/drain resistance Moderate High Low
Ion Moderate High High
Ioff Very low Low Moderate
DIBL Low Very low Moderate
Subthreshold swing Moderate Very low High
Floating-body effects � Ó Ó
Kink effect � Ó Ó
History effect � Ó Ó
Coupling channel Ó � Ó
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Figure 2.26 Schematic cross-section of a partially depleted SOI transistor
showing the capacitive coupling of the neutral body of the transistor
through the gate oxide, Cg, the sidewall source and drain junctions,
Cs and Cd, the BOX interface Cb, and the leakages current through
the junctions and the oxides
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contact. On the contrary, in the case of a PDSOI transistor, the excess of majority
carriers accumulates in the body of the device, changing its potential, which
therefore is not fixed but depends on the history of the device. This fact is the origin
of a set of effects named FBE [2.89]. All these effects have their origin in the
charging-discharging of the floating-body by currents coming from the source or
the drain and in the capacitive coupling between the gate and the floating-body.

Although these effects may be detrimental, it also allows the MOSFET to
exhibit very interesting properties such as memory capabilities, the so-called
floating-body memory [2.106–2.108]. Some of the most important aspects of FBEs
are summarized below [2.89, 2.109]:

1. History effect and threshold voltage variability
The most prominent electrical property of the PDSOI device is the history
effect. The I–V characteristics (and the threshold voltage) of the transistor are
no longer constant, but dependent on the amount of charge contained in the
body of the device at any given time. The charge content of the body and the
distribution of that charge caused by gate, source, and drain potentials deter-
mine the final behavior of the device. The magnitude of charge contained in
the body depends on several factors that include:

● the previous state of the transistor
● the device architecture (length, width, Si-film thickness, etc.)
● the applied biases
● the frequency of operation
● the temperature

Figure 2.27 shows an example of history effect in a PDSOI transistor. To do
so, we have considered a PDSOI transistor with a channel length of Lch ¼ 1 mm.
Initially a voltage ramp is applied to the gate of the transistor during 10 ns.
During this time, the drain to source voltage is set to VDS ¼ 0.1 V. Figure 2.27c
shows the hole concentration in the body of the transistor at the end of the gate
voltage ramp (t ¼ 10 ns). At that moment, a high voltage pulse is applied to the
drain (VDS ¼ 3 V) during 5 ns, while the gate voltage is kept at the value reached
at the end of the ramp. In these conditions, a high value of the electric field and a
high value of drain current occur near the drain edge of the channel; impact
ionization mechanism [2.98] produces electron–hole pairs near the drain. While
electrons are drifted to the drain, holes are stored in the neutral body of the
transistor, producing the concentration increase shown in Figure 2.27d at the end
of the pulse. The increase of hole concentration in the body of the transistor
produces a decrease of the threshold voltage. This is the reason why the same
gate voltage ramp is now applied to the transistor, the measured ID is higher
(Figure 2.27b). At the end of the new voltage ramp the hole concentration in the
body of the transistor is shown in Figure 2.27e. At t ¼ 35 ns, a negative voltage
pulse is applied to the drain (VDS ¼�1.5 V) while the gate is kept grounded.
In these conditions, the body-drain junction is forward-biased, allowing the holes
to escape through the drain. At the end of the negative pulse, the concentration of
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holes in the body (Figure 2.27f) is now similar to the one at t ¼ 0 s. Therefore,
the threshold voltage has returned to almost its initial value and when the ID–VGS

characteristic is measured again, a similar curve to the first one is obtained.
The pronounced hysteresis effect observed in PDSOI transistors has been an

intense matter of investigation [2.110–2.113]. Since any kind of hysteresis in a
transistor entails a memory effect, much attention started to be paid to the design
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Figure 2.27 History effect in a PDSOI transistor. (a) Voltage patterns applied to
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and fabrication of new memory cells on SOI substrates [2.114, 2.115]. The
research of the FBE in PDSOI devices rose exponentially when at the beginning
of the last decade the start-up company, Innovative Silicon, introduced the
Z-RAM memory cell [2.94]. The basic principle of operation of the cell was
the shift induced in the threshold voltage of the PDSOI MOSFET, caused by the
injection of holes in the floating-body (a transient overpopulation of holes in the
floating-body) [2.116]. This transitory shift of the threshold voltage leads to two
different current levels at a given bias point [2.94]. At equilibrium (stable state),
the floating-body of the transistor remains neutral; this situation defines the
‘‘0’’ state. The ‘‘1’’ state is forced by charging the body with holes produced by
impact ionization mechanism [2.93] that occurs when a large current flows
through the device. The consequence of the stored charge is an increase in the
potential of the body of the device and a decrease in the threshold voltage: for
the same bias a larger current is then obtained. Figure 2.28 presents simulation
results obtained, under the drift-diffusion approximation, with calibrated models
for impact ionization. The top-side of the figure shows an example of the bias
pattern used to demonstrate the 1T-DRAM functionality of the PDSOI MOS-
FET. In the bottom side, the driven current is monitored. Initially, the holes are
injected in the floating-body by impact ionization due to the large current driven
by the device (VDS ¼ 1.6 V while VGS > VTH, W ‘‘1’’ in Figure 2.28): the highly
energetic electrons knock electrons out of their bound state and promote them to
a state in the conduction band, creating electron–hole pairs. Electrons are
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Figure 2.28 Simulation results for the operation of a PD 1T-RAM based on the
Z-RAM approach. The picture shows the bias pattern (top) and the
driven current (bottom). For simplicity the gate bias is maintained
constant (VGS > VTH). The floating-body is initially charged with
holes generated by impact ionization (W ‘‘1’’), and the cell state is
read four times by using a small drain bias. At t ¼ 10 ms, the cell is
purged (write ‘‘0’’ state: W ‘‘0’’), and read again four times
reflecting the difference with respect to the previous ‘‘1’’ states.
L ¼ 1 mm, tSi ¼ 300 nm, tox ¼ 3nm, tBOX ¼ 400 nm, NA¼ 1017 cm�3
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evacuated through the drain, while holes are trapped into the neutral body of the
silicon film. The hole overpopulation of the body of the device leads to a
decrease in the threshold voltage and therefore a transitory increase of the drain
current. The cell can be purged of charge by forward biasing the drain-to-body
junction (negative drain bias, W ‘‘0’’ in Figure 2.28).

In this process, holes are evacuated from the floating-body through the
channel-to-drain p–n junction. If the cell state is read again, the current level
remains in the stable level (lower current). For simplicity, the gate bias has been
maintained constant and larger than the threshold voltage (VGS > VTH) during
the whole simulation period in order to have always a conductive channel.

2. Kink effect
The kink effect is a direct consequence of the FBE. It makes the drain current,
IDS, to show overshoot when applying a large VDS voltage [2.89]. The charge
stored in the body modifies the potential (increases in case of N-MOS), redu-
cing therefore the threshold voltage and leading to a sudden increase in the
drain current. This effect tends to appear for a high drain bias where the charge
is injected in the body by impact ionization. If the large drain bias is hold for a
long time, more impact ionization would be obtained leading at the end to a
higher increase in drain current (positive feedback effect). An example of this
effect is represented in Figure 2.29. ID–VDS curves have been calculated with
Silvaco Atlas [2.117] in a PDSOI transistor for different values of the gate
voltage. For the sake of comparison, dashed lines show the drain current data
when impact ionization is ignored in the simulation. Solid lines (with impact
ionization taken into account) show an overshoot in the drain current produced
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Figure 2.29 Simulated drain current versus drain voltage for different values of
the gate voltage in a PDSOI transistor showing kink effect when
impact ionization is considered (solid line). Kink effect disappears
when impact ionization is ignored (dashed lines): Lch ¼ 0.8 mm,
tSi ¼ 300 nm, tox ¼ 17 nm, tBOX ¼ 400 nm, NA ¼ 1017cm�3

Device physics, modeling, and technology for nano-scaled semiconductor 53



by the hole accumulation in the body of the transistor. This effect disappears
when impact ionization is ignored (dashed lines).

If the minority carrier lifetime in the silicon film is high enough, the kink
effect can be reinforced by the NPN bipolar parasitic transistor structure pre-
sent in the device (second kink).

3. Transient effects
Due to the existence of the floating-body in PDSOI devices, transient effects
are significant when the body is not tied to a fixed voltage [2.118].

The drain current experiences a long transient delay before reaching a
stable value, thus influencing the drain current just after gate switching and in
steady state. This subsequently causes different subthreshold slope and threshold
voltage. When the gate is switched on, majority carriers are expelled from the
depletion region (instantly formed by capacitive coupling, Figure 2.26) and col-
lected in the neutral body, giving rise to a drain current ‘‘overshoot.’’ The drain
current decreases gradually with time during electron–hole recombination. A
reciprocal ‘‘undershoot’’ occurs when the gate is switched from strong to weak
inversion: the drain current increases with time as the majority carriers are gen-
erated and allow the depletion depth to shrink. The amplitude of current overshoot
or undershoot is proportional to the difference between the final and initial body
charges, and the transient duration depends on the generation-recombination rate
in the film volume, at interfaces and on the edges. Figure 2.30 shows the turn-on
and turn-off transients of drain current in a PD body SOI device, showing the
corresponding transient effects.

Turn-on transient : VGS = 0 V → 0.7 V

Turn-off transient : VGS = 0.7 V → 0 V
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Figure 2.30 Turn-on (solid line) and turn-off (dashed line) in a PDSOI transistor.
At t ¼ 0 s the gate voltage is switched from 0 to 0.7 V (resp. 0.7 to
0 V) while VDS ¼ 0.1 V. Drain current is calculated using Silvaco
Atlas until the steady state is reached. Lch ¼ 0.8 mm, tSi ¼ 300 nm,
tox ¼ 17 nm, tBOX ¼ 400 nm, NA ¼ 1017 cm�3
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Due to the capacitance coupling between the front gate and the floating-
body, switching of the front gate voltage changes the body potential momen-
tarily. If the body of a PDSOI device is not tied to a fixed potential, carriers
need to be generated or recombine through the front and back interfaces as well
as through the PN junctions in order to reach steady state. This may take
several seconds. Before carriers are generated or recombine, the potential is
lower or higher than its final value, resulting in a change of threshold voltage
and drain current. As time elapses during the turn-off transient, holes are
generated and the potential in the device rises. The drain current, therefore,
will also rise from a low value to its final, stable value. During the turn-on
transient, holes recombine, and the potential is high initially and then returns to
its final, stable value. Thus the drain current experiences a high to low transi-
tion, as shown in Figure 2.30.

These drain current transients in a PD floating-body SOI device can affect
the circuit operation in various ways. The circuit may not behave similarly
under different frequencies [2.119–2.121].

4. Parasitic bipolar transistor
If we consider an n-channel PDSOI device, the Nþ-source, the P-type body, and
the Nþ-drain also form the emitter, the base, and the collector of an NPN bipolar
transistor. As in a PDSOI transistor the body is floating (unless a contact is
provided) the accumulation of the majority carriers in the body of the transistor
produced by impact ionization or BTBT at the drain edge of the channel makes
the body potential become high enough so that the PN (body-source) junction
turns on. The NPN (Source/film/Drain) bipolar transistor is activated. The
parasitic bipolar transistor (PBT) is responsible for different effects; for exam-
ple, it can amplify impact ionization current and produce a reinforcement of
kink effect as mentioned earlier, or also can trigger an extremely low inverse
subthreshold slope and reduce the drain breakdown voltage [2.93].

Anomalous subthreshold slope, hysteresis, and single transistor latch
As mentioned in the explanation of kink effect, the generation of majority
carriers by impact ionization near the drain can give rise to an increase of the
body potential and a related decrease of the threshold voltage. Sometimes, a
similar effect can occur at gate voltages lower than the threshold voltage. If the
drain voltage is high enough, impact ionization can occur in the subthreshold
region, even though the drain current is very small [2.93]. Body charging is
particularly effective in weak inversion, where the current depends exponen-
tially on potential. Figure 2.31 compares the drain current versus the gate
voltage in a PDSOI MOSFET when impact ionization is considered (solid) and
when impact ionization is ignored (dashed). As observed, impact ionization
(solid) helps to improve the subthreshold behavior of the device. When the
device is turned off, there is no impact ionization (both curves coincide) and
the body potential is equal to zero. When the gate voltage is increased the weak
inversion current can induce impact ionization in the high electric field region
near the drain (if VDS is high enough), holes are generated, the body potential
increases, and the threshold voltage is reduced. Consequently, the whole
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ID/VGS curve shifts to the left and the current can increase with gate voltage at a
rate larger than 60 mV/decade, i.e., an anomalous subthreshold slope lower
than the theoretical limit of 60 mV/dec can be observed [2.93].

This increase of drain current in weak inversion constitute a positive feed-
back loop: the higher the drain current, the higher the impact ionization, the
higher the body potential, the lower the threshold voltage, and the higher the
drain current, which suddenly increases with a subthreshold slope equal to zero
millivolt per decade (transistor latch [2.122]) (Figure 2.32).

In Figure 2.32, for VDS ¼ 1.8 V, the impact ionization current that is gen-
erated near the drain during the forward gate voltage scan (VGS ¼�1.5 ? 2 V)
raises the body potential. The increased body bias in turn reduces the threshold
voltage of the SOI MOSFET leading to an increase in IDS and more impact
ionization current. This positive feedback, which occurs when the impact
ionization current is larger than the body-to-drain diode leakage current leads
to the abrupt increase of the subthreshold current and the body potential. The
positive feedback is self-limiting: increased body bias also increases the drain
saturation voltage which results in lower channel electric field and smaller
impact ionization current. Also, as the drain current increases, the effective
potential across the channel decreases due to resistive voltage drops across the
source and drain regions. During the descending VGS scan, the impact ioniza-
tion current under the large drain bias keeps the body potential high, which in
turn keeps the MOSFET threshold voltage low, to sustain the inversion layer
and a high IDS until this positive feedback cannot be maintained and IDS and the
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body potential collapse suddenly. It can be noticed that the gate voltage at
which the current suddenly raises during a forward scan is higher than the
voltage at which the current suddenly falls during a reverse scan. As a con-
sequence, hysteresis is observed in the ID–VGS curve. For VDS ¼ 2.8 V, the
positive feedback loop cannot be turned off once it has been triggered, and the
device does not turn on (at least for reasonable VGS values) [2.123].

Leakage current
Another effect originated by the parasitic bipolar effect in SOI transistors is
related to the subthreshold leakage current (IOFF). The main involved OFF
leakage currents are BTBT, impact ionization (II), and direct gate tunneling
currents [2.124–2.126]. In short-channel SOI devices, these three contributions
can all be amplified by the inherent PBT. When front gate is negative and drain
is positive, holes are generated either by BTBT or impact ionization at the
drain side and they are driven into body by the lateral electric filed. The body
potential increases and turns on the source–body junction (here, playing the
role of base–emitter junction); consequently electrons are injected from source
and collected by the drain as collector current, IC, which is an amplified value
of the base current, IB.

5. Gate-induced floating-body effect
The gate-induced floating-body effect (GIFBE) [2.127] occurs for very thin gate
oxides and at strong gate voltage; the leakage currents by tunnel effect can be
important, leading to body charging, a variation of the film potential (even for
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Figure 2.32 Simulated ID current for ascending and descending scans of the gate
voltage in a PDSOI transistor for two values of the drain voltage.
If VDS is large enough, a hysteresis cycle is observed. For even
higher VDS values, single transistor latch-up occurs: the inversion
channel is maintained, although the gate is turned-off. Lch ¼ 0.8 mm,
tSi ¼ 300 nm, tox ¼ 17 nm, tBOX ¼ 400 nm, NA ¼ 1017 cm�3
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low drain current) and an increase of the drain current. Experiments and simu-
lations show that the gate-to-body current charges the body causing an unex-
pected ‘‘kink’’ effect to occur at low drain voltage. The drain current input
characteristics measured at low drain voltage show a sudden increase of the
drain current. This unexpected ‘‘kink’’ on the drain current gives rise to a second
peak in transconductance, which can exceed by up to 40% the normal peak.

The classical remedy to floating-body problems is the use of a body contact
in PD devices [2.93]. Using body contacts can restore the device characteristics
of SOl MOSFETs back to the bulk-MOSFET-like characteristics [2.128]. Body
contact, however, carries a delay penalty and loses the body effect advantage
of SOl devices. Advantage can be taken of current overshoot effects and
increased current drive due to the kink effect to boost switching speed and
therefore, circuit performance [2.129]. However, elaborate circuit models need
to be used to avoid unexpected device behavior due to FBE [2.93, 2.129].

2.2.2.2 Fully depleted SOI transistor
FBE can be largely avoided in FD SOl devices in which either the silicon film is
thin enough or the doping is light enough that the entire film is depleted, i.e., there
is no neutral region in the body. In fact, the entire silicon film can be undoped
because FDSOl MOSFETs scale by the silicon film thickness, not by the gate
depletion width (xD) as bulk and PDSOl CMOS do. The inverse subthreshold slope
of a long-channel FDSOl MOSFET can be near the ideal 60 mV/decade number at
300 K. Figure 2.33 compares the charge distribution in a PDSOI transistor (left,
TSi ¼ 400 nm) and an FDSOI transistor (right, TSi ¼ 100 nm) with the same channel
length. Doping concentration was fixed to NA ¼ 1017 cm�3 and a VG ¼ 1 V is applied
to the front gate.

In the case of FDSOI device, the whole channel is depleted (charged), while
in the PDSOI device, there is a neutral region (dark area) under the channel. The
lack of neutral region in an FDSOI transistor makes that the front and back surface

0

0

0.1
0.2

0.3
0.4D

ep
th

 (m
ic

ro
ns

)

0
0.1

0.2
0.3

0.4D
ep

th
 (m

ic
ro

ns
)

0.4 0.8 1.2

Neutral
region BOX

BOX

Tsi = 100 nmTsi = 400 nm

1.6
Width (microns)(a) (b)

2.0 2.4 2.8 0 0.4 0.8 1.2 1.6
Width (microns)

2.0 2.4 2.8

Figure 2.33 Total charge concentration in a PDSOI transistor (a) and in an
FDSOI transistor (b) Dark gray indicates zero total charge. The
neutral region in the body is clearly observed in the PDSOI
transistor, while the body of the FDSOI transistor is FD and
therefore charged

58 Nano-scaled semiconductor devices



potentials become inter-related [2.87], and FDSOI technology presents numerous
advantages:

● The possibility to non-dope the conduction channel enables increasing the
mobility compared with a PDSOI transistor.

● Short-channel effects are largely reduced if TSi is very small [2.130, 2.131].
● Lower threshold voltage compared to Si bulk technologies allows low power

consumption applications.
● The subthreshold slope (S) is reduced due to the replacement of the dynamic

depletion capacitance (Cdep) by a fixed Si film capacitance (CSi ¼ eSi/tSi).

Interface coupling means that the electrical characteristics of one channel vary
with the bias applied to the opposite gate. In FDSOI MOSFETs, two inversion
channels can be activated, one at the front Si–gate oxide interface and the other at the
back Si–BOX interface. A better coupling is then obtained between the gate bias
and the inversion charge, leading in particular to an increase of the drain current.
Because the front and back interface can either be in accumulation, depletion, or
inversion, there are nine possible modes of operation in an FDSOI transistor, as a
function of the front gate voltage and back gate voltage. In particular, the threshold
voltage of the front gate depends on the bias of the substrate or back-gate voltage, VG2.

Figure 2.34 represents ID–VG characteristics of an FDSOI device with TSi ¼
50nm for different conditions of the back interface: solid line corresponds to the
case when the back interface is in depletion; dash-dot line corresponds to the case
when the back interface is in accumulation. If a positive voltage is applied to the
substrate or back gate (VG2), the back interface becomes inverted (dashed line).

Figure 2.35 shows the transconductance of the FDSOI device with a TSi ¼ 50 nm,
for different states of the back interface. In general, the transconductance of FDSOI
devices is complicated function of the gate voltage because of the influence of the
back interface on the front channel threshold voltage. As observed in Figure 2.18 the
transconductance has its maximum value when the back channel is in depletion.
When the back interface is in inversion, the transconductance curve shows a plateau,
originated by the activation of the back channel before the front channel [2.132].

Threshold voltage
The threshold voltage of an FDSOI device can be obtained by solving the Poisson
equation [2.93]. If fS1 and fS2 are the surface potential at both interfaces (front and
back) (Figure 2.36), the front and back gate voltages, VG1 and VG2, respectively,
can be expressed as

VG1 ¼ fs1 þ fox1 þ fMS1 (2.21)

VG2 ¼ fs2 þ fox2 þ fMS2 (2.22)

where foxi and fMSi are the potential drop across the front (resp. back) gate oxide
and the front (resp. back) workfunction differences.

Figure 2.36 shows the potential distribution in an FDSOI device with tSi ¼ 50 nm
for two conditions of the back interface, inversion (solid line), and accumulation
(dashed line). Electron and hole concentrations in the direction perpendicular to the
channel are also shown in Figure 2.37.
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We can obtain a relationship between the front gate voltage and the surface
potentials [2.91, 2.93]:

VG1 ¼ fMS1 �
Qox1

Cox1
þ 1 þ CSi

Cox1

� �
fs1 �

CSi

Cox1
fs2 �

1
2 Qdepl þ Qinv1

Cox1
(2.23)

VTH1;depl2 ¼ VTH1;acc2 � CSiCox2

Cox1 CSi þ Cox2ð Þ VG2 � VG2;acc

� �
(2.24)

VTH1;inv2 ¼ fMS1 �
Qox1

Cox1
þ 2fF � Qdepl

2Cox1
(2.25)
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where FF is the Fermi potential, equal to kT
q lnðNA

ni
Þ, and VG2,acc is the value of the

back gate voltage for which the back interface reaches accumulation and is given by

VG2;acc ¼ fMS2 �
Qox2

Cox2
þ 2 1 þ CSi

Cox1

� �
fF � Qdepl

2Cox2
(2.26)
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Figure 2.38 shows the evolution of the front gate threshold voltage with the
back gate voltage. When the back interface is in accumulation (or inversion), the
front threshold voltage slightly increases (or decreases).

The dependence of the threshold voltage with the silicon thickness has been
studied by different authors [2.133, 2.134]. If the device is PD, the threshold vol-
tage does not depend on the silicon thickness. In an FD transistor, the threshold
voltage decreases with the silicon thickness. This is due to the reduction of the
depletion charge as the silicon thickness decreases (Figure 2.39). When the film
thickness is below 10 nm, a threshold voltage rebound is observed: the conduction
band splits into subbands and the minimum energy of the conduction band
increases as the film thickness decreases [2.134].
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Subthreshold slope
The fact that the depletion region is constant in an FDSOI device improves the
subthreshold slope when comparing with PDSOI devices as shown in Figure 2.40:

The subthreshold slope S is defined as

S ¼ dVG

dlog IDð Þ (2.27)

which in the case of a bulk MOSFET or a PDSOI transistor can be written as

S ¼ kT

q
ln 10ð Þ 1 þ CD þ Cit

Cox

� �
(2.28)

where CD is the depletion capacitance, CD ¼ dQD/dfs, and Cit is the capacitance
related to the interface traps. In an FD transistor with depleted back interface, the
subthreshold slope can be expressed as [2.135]

Sdep ¼ kT

q
ln 10ð Þ 1 þ Cit1

Cox1
þ a1

CSi

Cox1

� �
(2.29)

a1 is the interface coupling coefficient, given by

a1 ¼ Cox2 þ Cit2

CSi þ Cox2 þ Cit2
(2.30)

which accounts for the influence of the back interface traps and the buried oxide
(BOX) thickness, and it is always smaller than 1.

The comparison between (2.28) and (2.29) shows that the inverse subthreshold
slope of an FDSOI device is smaller than that of a PDSOI transistor, with the same
parameters, as observed in Figure 2.40. By accumulating the back channel, the
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front inversion channel becomes decoupled from the defects in the back interface
and a1 tends to 1 [2.135], causing an overall degradation of the subthreshold slope,
as shown in Figure 2.40. As a result, S has the lowest value in an FD device, it is
larger in the bulk of PDSOI device, and even larger in the FD device with back
accumulation.

The subthreshold slope normally improves for thinner silicon films and thicker
BOXs, only in the case of few states at the silicon layer/BOX interface [2.133]. On
the contrary, a high concentration of interface traps at the buried interface strongly
degrades the subthreshold swing.

Short-channel effects in FDSOI devices
In a bulk MOSFET, the reduction of the channel length produces numerous effects
so-called short channel effects and whose last origin is the loss of control by the gate
of the depletion zone below it, i.e., the depletion charge under the gate it is not totally
controlled by the gate because of the encroachment from the source and drain. This
results in a roll-off of the threshold voltage as the channel length decreases [2.76]
[2.76]. In bulk-Si MOSFETs, increasing the substrate doping and forming shallow
junctions enable length scaling. However, ultra-large doping degrades the carrier
mobility and promotes BTBT current thus increasing leakage currents.

In FDSOI devices, the fraction of depletion charge controlled by the gate is
larger than that in a bulk MOSFET for the same channel length, and the situation
improves as the silicon thickness decreases. Figure 2.41 shows the threshold vol-
tage roll-off in bulk and SOI devices for different values of the silicon thickness, tSi.

DIBL is another SCE also due to charge sharing between the gate and the
source/drain junctions. It occurs in both bulk and SOI devices, although as in the
case of threshold voltage roll-off, in SOI, it is better controlled by reducing the film
thickness [2.100]. However, the major SCE in SOI is due to the penetration of the
electric field from the drain into the BOX and the substrate (Figure 2.42) [2.135].
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The fringing field tends to increase the surface potential at the film–BOX
interface. As mentioned earlier, front and back interfaces are coupled in FDSOI
devices; therefore the front-channel properties become degraded. For example, the
threshold voltage is lowered with increasing drain bias, as in DIBL, but caused by a
different effect.

Figure 2.43 compares the threshold voltage lowering induced by DIBL and
DIVSB in highly doped and undoped SOI MOSFETs as a function of the silicon
thickness. For silicon thicknesses below 15 nm, DVT becomes very small even for
undoped substrates. It is concluded that an undoped and ultra-thin silicon layer is
extremely robust to SCEs. Further improvements of SCEs could be obtained
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reducing the effect of the fringing field, for example, using thinner BOX, multigate
devices, or using a ground plane (GP) or back plane (BP), i.e., a highly doped
region or metal layer underneath the BOX [2.137].

Self-heating
SOI transistors are thermally insulated from the substrate by the buried insulator.
As a result, the heat generated inside the device is not efficiently removed and the
temperature of the device increases up to more than 150 ºC, and a mobility
reduction is observed [2.138, 2.139]. Due to self-heating and the mobility degra-
dation as VDS increases, a negative resistance can be seen in the output character-
istics of SOI MOSFETs.

Figure 2.44 shows the output characteristics of a SOI transistor with a channel
length of 1 mm calculated with Silvaco ATLAS [2.117] under continuous condi-
tions (solid line) and under pulsed conditions (symbols, 0.1% duty cycle, 1 ms
period). When the device is measured under continuous conditions, the effect of
self-heating is evident. Drain current decreases as drain voltage increases because
of the increase of the lattice temperature that produces mobility degradation.

Figure 2.45(a) shows the lattice temperature in the device at VGS ¼ 5 V and
VDS ¼ 3.5 V calculated in DC conditions. The lattice temperature highly increases
in the body of the SOI transistor, which produces a strong degradation in the
mobility. The poor heat conductivity of SiO2 prevents the sink of the heat generated
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in the device. For the sake of comparison a similar bulk device has been considered
working in the same conditions as the SOI transistor. Figure 2.45(b) shows that the
increase of the temperature is much lower in the case of the bulk device, and
therefore the degradation of the mobility because the increase of the temperature is
very weak. The output characteristics for the bulk device calculated for the same
conditions as the SOI device are shown in dashed line in Figure 2.44.

As the silicon layer is made thinner, self-heating is accentuated [2.100]; this is
why FD SOI MOSFETs are more affected. The channel temperature is also raised
with increasing the BOX thickness and the channel-to-contact separation.
Fortunately, self-heating is highly reduced under dynamic and/or low-voltage
operation. As discussed in Reference 2.93, self-heating takes place as power is
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dissipated in the device, as is the case when the device is measured in quasi-DC
mode, but not in operating digital CMOS circuits, since there is virtually no current
flowing through the devices in the standby mode, and power is dissipated in the
devices only during switching for short periods of time normally. However, if the
duty cycle or the frequency are large, although the negative resistance would not
be a problem for digital circuits, the increase of the overall local temperature should
be taken into consideration, since mobility could be modified [2.90].

For analog circuits, heating effects are more serious: the output conductance of
a transistor becomes frequency dependent because of self-heating. Analog design-
ers must take into account self-heating and use circuit simulation models in which
this effect is included [2.140, 2.141].

2.2.3 Ultra-thin FDSOI MOSFETs
As discussed previously, for ultimate scaling, FDSOI devices consist of an undoped
ultra-thin silicon layer (TSi < 15 nm) sandwiched between two oxide layers. In this
situation, electrons are quantized in the direction perpendicular to both Si/SiO2

interfaces, but they can move freely in the plane parallel to them [2.142]. This
confinement of the carriers in the direction perpendicular to the channel greatly
modifies their transport behavior, and as a consequence, in addition to the advan-
tages mentioned earlier, ultra-thin SOI devices specifically present other benefits,
as highlighted below.

2.2.3.1 Electron distribution and quantum effects
In these ultra-thin devices, the maximum extension of the electrons in the direction
perpendicular to both Si/SiO2 interfaces is limited by the silicon thickness that is
comparable to the De Broglie wavelength of the carriers. As a consequence,
to accurately evaluate the electron distribution in these structures we must self-
consistently solve the 1D-Schrödinger and Poisson equations in the direction
perpendicular to both Si/SiO2 interfaces [2.143, 2.144]. The reduction of the silicon
film thickness sandwiched between the two oxide layers causes important effects
on electron distribution and on electron transport properties, such as the subband
modulation effect.

The size quantization in the silicon inversion layer produces a redistribution of
the carriers between the two subband ladders, which arise from the split of the
degeneracy of the six equivalent valleys of bulk silicon [2.142, 2.145]. In SOI
inversion layers, the redistribution of the inversion electrons is more acute as the
silicon layer shrinks and the following consequences are observed [2.146]:

1. A reduction in the conduction effective mass of electrons in the inversion
layers as TSi is reduced. A lower effective conduction mass means a greater
electron velocity for the same drift field value, and thus a greater mobility
[2.144]. The reduction of the conduction effective mass of electrons as the
silicon layer thickness decreases can clearly be observed in Figure 2.46, where
the average conduction effective mass versus the total electron concentration
for different silicon layer thicknesses is shown.
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2. A reduction of the intervalley scattering rate between non-equivalent valleys
(f-scattering, [2.144, 2.146]) due to the greater separation of the energy levels
related to prime subbands with respect to the non-prime ones as the silicon film
thickness is reduced.

Both effects, 1 and 2, simultaneously contribute to an electron mobility increase.

Phonon-scattering increase
Another important effect that appears in SOI-inversion layers as the silicon layer
thickness is reduced is an increase in the phonon-scattering rate [2.147]. The electron
confinement in ultra-thin SOI-inversion layers is greater than in bulk-inversion lay-
ers [2.144, 2.146]. Thus, the uncertainty concerning the location of the electrons in
the direction perpendicular to the interface is less in SOI samples than in bulk
samples. In accordance with the uncertainty principle, there is a wider distribution of
the electron’s momentum perpendicular to the interface. In other words, due to size
quantization, the electrons interface-directed momentum does not have a single
value (as in 3D electrons), but a distribution of possible values that expands as the
silicon layer thickness is reduced. Taking into account the momentum conservation
principle, there are more bulk phonons available that can assist in transitions between
electron states, and therefore an increase in the phonon-scattering rate is expected. As
a consequence, for the same inversion-charge concentration, the phonon-scattering
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rate is greater in thinner films than in thicker ones (since the confinement is greater),
and therefore a mobility reduction can be expected [2.146].

Subband modulation effect and phonon-scattering increase, discussed earlier,
indicate that two opposing trends appear in electron mobility as the silicon layer
thickness is reduced. However, the contribution of these two trends varies
depending on the considered structure and on the temperature. It would be inter-
esting to know which of these trends, if either, is dominant, and whether there is a
critical silicon layer thickness at which a change in mobility behavior is observed:
in other words, if a change is produced in the trend of electron mobility as the
silicon layer thickness is reduced.

2.2.3.2 Electron mobility in ultra-thin FDSOI transistors
Electron mobility behavior in ultra-thin SOI inversion layers has been calculated
using a one-electron MC simulator. Phonon and surface-roughness scattering have
been taken into account. In ultra-thin FDSOI structures, the silicon layer is usually
left undoped, and if, in addition, the Si/SiO2 interfaces are of good quality (which
is desirable), the interface charge concentration is also quite small. As a consequence,
Coulomb scattering is much less important than phonon and surface-roughness
scattering, especially at intermediate and high inversion charge concentrations.
Bulk electron–phonon scattering models considering acoustic deformation potential
scattering and intervalley scattering (between both equivalent and non-equivalent
valleys [2.143, 2.148]) have been considered. If the scattering mechanisms related to
the presence of the Si/SiO2 interface significantly affect the electron transport
properties in bulk silicon inversion layers, one can easily understand that this effect
should, at least a priori, be taken into account in those physical systems where
electrons are simultaneously affected by two such Si–SiO2 interfaces. This is the
case of the ultra-thin SOI inversion layers: the presence of a second interface plays a
very important role, both by modifying the surface-roughness scattering rate due to
the gate interface, and by itself providing a non-negligible scattering rate. In addi-
tion, we have shown that the usual surface-roughness scattering model in bulk silicon
inversion layers overestimates the effect of surface-roughness scattering arising from
one of the interfaces as a consequence of the presence of the other [2.145, 2.149].
Therefore, it was necessary to improve the surface-roughness model in order to
calculate the scattering rate due to both interfaces (which are assumed not to be
correlated) [2.143, 2.145, 2.148].

Figure 2.47a shows mobility curves versus the electron concentration for dif-
ferent values of silicon layer thicknesses, tSi, at room temperature. Phonon scat-
tering and surface-roughness scattering were taken into account.

The following surface-roughness parameters were assumed: Dm1 ¼ Dm2 ¼ 0.1
nm, L1 ¼ L2 ¼ 1.5 nm, where Dmi and Li are the rms value and the autocovariance
length of the roughness fluctuations, respectively. The effect of surface-roughness
scattering is more acute at high inversion charge concentrations and in the thinnest
samples. In the latter case, the effect of surface-roughness scattering is noticeable
even at very low transverse effective fields. There is more than one trend in the
electron mobility as the silicon thickness is reduced, and this behavior strongly
depends on the electron concentration. To see this more clearly, the evolution of
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electron mobility with the silicon layer thickness for different values of the trans-
verse effective field is shown in Figure 2.47b. Three regions can be distinguished:

1. For high silicon thickness values, electron mobility tends toward the mobility
value in bulk inversion layers.

2. As TSi decreases, electron mobility gradually decreases until a minimum is
reached around 5 nm.

3. Then it quickly increases until a maximum at 3 nm is reached, and then
abruptly falls.

This behavior is a direct consequence of the opposing trends mentioned earlier.

2.2.3.3 Ultra-thin BOX
From the point of view of the control of SCEs, ultra-thin SOI technology presents
another important advantage compared to standard bulk devices: the addition of
new degrees of freedom in the definition of the device geometry, i.e., the thick-
nesses of the silicon and buried oxide layers. In this way, the scaling is carried out
thanks to a channel thickness reduction instead of the implantation of complicated
doping profiles with very high doping densities. Following the classical scaling
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Figure 2.47 (a) Electron mobility curves in an ultra-thin FDSOI MOSFET at
room temperature versus the inversion electron concentration for
different values of the silicon layer thickness (TSi). Phonon scattering
and surface-roughness scattering due to both interfaces
(Dm1 ¼ Dm2 ¼ 0.1 nm), (L1 ¼ L2 ¼ 1.5 nm) have been considered. The
thickness of the silicon layer is expressed in nanometers between
parentheses. (b) Evolution of electron mobility in an FDSOI
MOSFET with the silicon layer thickness for different values of the
inversion charge concentration at room temperature
� 2007 Springer. Reprinted with permission from Gámiz F., Godoy A., Sampedro, C.
‘Electron Transport in Silicon-On-Insulator Nanodevices’ in Hall S., Nazarov A. N.,
Lysenko V. S. Editors, ‘Nanoscaled Semiconductor-on-Insulator Structures and
Devices’. 2007 Springer ISBN 978-1-4020-6380 -0 (e-book), pp. 306–310
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rules for bulk MOSFETS, the maximum depth for source and drain implants must
be close to LG/5 [2.150]. Therefore, the fabrication of decanano bulk devices
demands an important reduction in the implant depth of source and drain regions
with the subsequent challenge of obtaining higher doping densities stopping the
dopant diffusion to reach the targeted depth. This issue disappears in ultra-thin SOI
technology since the BOX constitutes a natural barrier to dopant diffusion. The
scaling rules stand also different for bulk and SOI devices. In the case of FDSOI
devices, the silicon thickness plays the role of the implant depth, however the
conventional design rule can be modified to a less restrictive LG/TSi ¼ 4 [2.151]. In
this way, a 4 nm silicon slab would be necessary for a 16 nm channel-length device.
However, for TSi smaller than 5 nm two effects limit the use of FDSOI devices: On
the one hand, it is very difficult to keep good enough thickness uniformity at wafer
level to avoid VTH fluctuations. On the other hand, electron mobility is dramatically
reduced as a consequence of confinement effects [2.152].

The condition LG/4 can be relaxed for Multiple-Gate FET devices (as will be
discussed later) where the recommended TSi to minimize SCEs follows NGLG/4
being NG the effective number of gates [2.153]. Therefore, if we use a double gate
structure (NG ¼ 2), the necessary thickness of the silicon slab in the previous
example will be increased to 8 nm; if we use a three-gates structure, the necessary
silicon thickness will be 12 nm. In both cases, the thickness of the silicon layer is
large enough to avoid the above problems of degradation of the mobility and
variability. In most cases, the use of multiple-gate devices means the use of 3D
architectures whose mass production implies important efforts from an economical
and technological point of view.

Therefore, it is necessary to relax the channel length to thickness constraint to
extend the use of ultra-thin single-gate FDSOI (SGSOI) transistors to the future
nodes. There is still an unexploited way to improve SCEs control for SGSOI
devices and, thus, to extend the use of FDSOI devices beyond the limit given by
standard design rules considering a thick BOX, as it has been the standard up to
now. The use of ultra-thin BOX (UTBOX) and the addition of a GP, i.e., a highly
doped region underneath the BOX, can improve the behavior of the device. This
fact has been already experimentally demonstrated for gate lengths of 33 nm as
shown in Reference 2.154.

Different authors have studied the possibilities that the combined use of
UTBOX þ GP offers to determine whether the scaling of planar FDSOI devices
makes possible to fulfil the requirements of sub-32 nm nodes reducing the impact
of thickness fluctuation effects [2.154–2.157]. As the channel length is reduced, the
control of DIBL and VTH roll-off is one of the biggest challenges from the point of
view of device optimization. Figure 2.48 shows ID–VGS curves for an FDSOI
transistor with a channel of 18 nm with different BOX configurations. These cur-
rent curves have been calculated using a multi-subband MC simulator described
elsewhere [2.158–2.160].

The gate stack structure includes a midgap metal and an HfO2/SiO2 dielectric
bilayer with an EOT of 1.2 nm, which is in the order of the recommended for a
well-tempered decanano device [2.161]. For all the cases TSi is fixed to 6 nm, which
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fits the requirements for a 24 nm channel length following the standard rule
[2.151]. Concerning the BOX, three configurations were studied:

1. a standard thick BOX (TBOX ¼ 145 nm),
2. an Ultra-thin BOX (UTBOX, TBOX ¼ 10 nm),
3. the same UTBOX (TBOX ¼ 10 nm) but including a GP contact with NA ¼

3.0 � 1018 cm�3.

In all the cases, source and drain regions are doped with ND ¼ 5.2 � 1019

cm�3, where a Gaussian transition profile is considered into the channel with no
variation of the doping in the transversal direction.

As can be observed in Figure 2.48, the different BOX configurations have a
considerable impact especially on the threshold voltage at both high and moderate
drain bias. From the results it can be inferred that the use of thick BOX is not
recommended due to the important variation on the VTH requiring a channel
thinner than 5 nm in order to fulfill the scaling rules. However, this will not make
things much better since the aforementioned problems from the point of view of
performance and variability will start to play an important role. Focusing on
UTBOX options, the variation of the characteristics from high to moderate VDS

remains under control and a closest study is necessary to determine whether
UTBOX or UTBOX þ GP could meet the minimum requirements on SCEs
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Figure 2.48 ID versus VGS curves for the 18 nm FDSOI devices calculated at
VDS ¼ 100 mV (closed symbols) and VDS ¼ 1.1 V (open symbols). It
can be observed the important variation of the characteristics for the
standard thick BOX devices demonstrating that the scaling for such
architecture cannot be extended beyond the standard rules
� 2013 World Scientific Publishing Co, Inc. Reprinted with permission from Gámiz
F., Sampedro C., Donetti L, and Godoy A., ‘Monte-Carlo Simulation of Ultra-Thin
Film Silicon-On-Insulator MOSFETs’, International Journal of High Speed Electronics
and Systems, Vol. 22, No. 1, 2013, pp. 1350001-1–1350001-32
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control. Figure 2.49 shows the channel length dependence of the DIBL for the
different devices under study.

As expected, there is an important increase of DIBL as LG is reduced; however,
the UTBOX þ GP device keeps it under control (130 mV/V) for the 18 nm device
(triangles). For the sake of comparison, results corresponding to a Double-Gate SOI
transistor (discussed later) with TSi ¼ 6 nm are also shown. DGSOI devices show
smaller values of DIBL as a consequence of the higher electrostatic control as will
be discussed later. Diamond symbols represent experimental results for LG ¼ 33 nm
[2.154] and LG ¼ 25 nm [2.162] ultra-thin FDSOI devices.

Concerning another important consequence of scaling, VTH roll-off as a func-
tion of the gate length, Figure 2.50a shows the evolution of threshold voltage as a
function of LG for the three considered BOX configurations. As the gate length is
decreased, a reduction of VTH is observed for all the cases; however the smallest
variation among the FDSOI devices occurs again for the UTBOX configurations
(triangles and squares). The use of UTBOX also increases VTH respect to the
standard thick BOX case for a given length due to the electrostatic influence of the
BOX. This fact allows keeping a single metal gate for both p and n devices, which is
not possible if VTH becomes very small since the noise margins are dramatically
reduced. The impact of channel thickness in UTBOX devices has been also studied.
Figure 2.50b shows ID–VGS curves for VDS ¼ 1.1 V (open symbols) and VDS ¼ 100 mV
(closed symbols) corresponding to the 18 nm device and silicon thickness ranging
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� 2013 World Scientific Publishing Co, Inc. Reprinted with permission from Gámiz
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Film Silicon-On-Insulator MOSFETs’, International Journal of High Speed Electronics
and Systems, Vol. 22, No. 1, 2013, pp. 1350001-1–1350001-32
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from 5 to 7 nm. As observed, there is a VTH increase as the TSi is reduced especially
for the case of saturation bias conditions. As a consequence, there is an important
variation in the DIBL value specially between the TSi ¼ 6 nm and the TSi ¼ 7 nm
thick devices: DIBL(@TSi¼6nm) ¼ 130 mV/V and DIBL(@TSi¼7nm) ¼ 210 mV/V.
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Figure 2.50 (a) Threshold voltage as a function of the gate length for all the BOX
configurations and the DGSOI reference device (open circles). For
all the cases the same midgap metal gate is used. (b) ID versus VGS

curves for the 18 nm FDSOI devices calculated at VDS ¼ 100 mV
(closed symbols) and VDS ¼ 1.1 V (open symbols) and TSi ranging
from 5 to 7 nm. The variation of the characteristics can be specially
noticed for saturation bias conditions
� 2013 World Scientific Publishing Co, Inc. Reprinted with permission from Gámiz
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However there is a small variation (only 10 mV/V) when the channel thickness is
reduced to TSi ¼ 5 nm: DIBL(@TSi¼5nm) ¼ 120 mV/V. Therefore, there could be an
important influence of the thickness fluctuations on the SCEs control that cannot be
neglected when extremely thin film devices are used.

All these features obtained from the use of FDSOI devices combined with
UTBOX þ GP allow extending the use of SGSOI transistors for sub-32 nm
nodes. The simulations show that 18 nm gate length devices with a channel
thickness of 6 nm present good performance and excellent SCEs control.
Therefore, the standard design rule which relates gate length and channel
thickness can be relaxed to give an extra technological node for a given TSi and
delaying the aforementioned end of the scaling capabilities based on channel
thickness. Following the considerations presented in Reference 2.153, the pro-
posed design rule corresponds to NG � 1:5, giving an idea of the extra electro-
static control obtained from the UTBOX þ GP which could be represented as an
additional half-gate. The main advantage of this configuration in between of
single and double gate structures is the compatibility with the standard ultra-thin
FDSOI fabrication flow. However, further studies are necessary in order to
evaluate the impact of channel thickness variability on the performance of sub-
32 nm node devices.

2.2.3.4 Multi-VT ultra-thin body and buried oxide
FDSOI platform

Multi-VT CMOS design platforms are commonly used to continue increasing the
speed of low-power (LP) applications while keeping adequate static power con-
sumption. High-VT (HVT) (500 mV � HVT� 650 mV) transistors are used in
noncritical paths to keep low leakage currents, whereas standard-VT (SVT)
(350 mV � SVT � 500 mV) and low-VT (LVT) (200 mV � LVT � 350 mV)
transistors are used in critical paths to meet timing constraints [2.163, 2.164].

In contrast to bulk technology, VTH is primarily set by the gate material
work function (WF) in FDSOI devices. Therefore, setting up multi-VTH devices
in FDSOI technology is then very challenging. Although today, the cointegra-
tion of two gate materials has been demonstrated [2.165–2.168], cointegrating
more than two gate materials prohibitively complicates the process. Researchers
from LETI and STMicroelectronics have demonstrated recently that using
undoped ultra-thin body and ultra-thin BOX (UTBB) devices it is possible to
develop a multiple threshold voltage VT platform for digital circuits compatible
with bulk CMOS. To do so, various technology options, such as gate materials,
buried oxide thickness, BP doping type, and back biasing, were conveniently
combined in order to achieve a technology platform that offers at least three
distinct VT options (high-VT, standard-VT, and low-VT). In References 2.169
and 2.170, it has been shown that integrating a doped BP below an ultra-thin
buried oxide (BOX) (<30 nm) allows setting up three distinct VT options with a
single metal gate. Figure 2.51 summarizes the different BP and back bias (Vb)
configurations needed to achieve three different VT values in an n-channel
UTBB device.
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1. For standard-VT (350 mV < SVT < 500 mV), no BP is necessary and the back
bias is set to zero.

2. Low-VT option (200 mV < LVT <350 mV) is obtained with an n-type BP set
to a back bias of Vb ¼ VDD.

3. High-VT option (500 mV < HVT < 650 mV) is obtained with a p-type BP
biased to Vb ¼ 0 V.

For p-type devices, complementary BP doping type and biasing are applied.
Using TSi ¼ 8 nm, TBOX ¼ 10 nm, and a nominal gate length of LG ¼ 40 nm, the

values obtained for the threshold voltage are shown in Table 2.3 [2.171].

2.2.4 Double-gate and FinFETs
As shown in the previous section, the use of UTBB devices together with BPs/GPs
and back biases allows a better electrostatic control of the channel, and therefore a
better control of SCEs in ultra-thin FDSOI transistors. This fact suggests that
addition of more than one gate to the transistors will enhance their performance and
functionality. Several versions of multigate device are discussed extensively in the
literature [2.87, 2.100, 2.93, 2.151]. There are two varieties: planar and vertical
structures [2.87] (Figure 2.52). The former group contains GP and back-gate
devices, which are derivatives of the SOI device [2.93]. The vertical structures
contain the FinFET [2.172–2.174], the Omega FET [2.175], the Tri-Gate [2.176],
the Gate-All-Around FET [2.177], and the junctionless FET [2.178].

The main difficulty with multiple-gate transistors is the realistic fabrication of
such devices. Manufacturing a self-aligned double-gate MOSFET has been the goal
of device engineers and researchers ever since it was proposed by Sekigawa and
Hayashi in 1984 [2.179]. Different approaches for the fabrication of DGSOI tran-
sistors have been discussed since then.

(i) The planar solution (Figure 2.52a) is suitable but it does not guarantee the
self-alignment of the two gates [2.180–2.182], although some advantages can
still be obtained using asymmetrical and misaligned DGSOI devices [2.181].

(ii) A totally different approach is to adopt a non-planar technology. In fully
vertical DG-MOSFET (Figure 2.52b), the source-body-drain stack, and
therefore the current is perpendicular to the Si-wafer. These devices
are attractive because the channel length (source-to-drain distance) is con-
trolled by epitaxy, instead of lithography. They suffer, however, from the

Table 2.3 Threshold voltages for UTBB SOI devices with different back plane
(BP) and back gate (VB) configurations

NMOS PMOS

HVT SVT LVT HVT SVT LVT
p-type BP,

VB ¼ 0
No BP

VB ¼ 0
n-type BP,

VB ¼ VDD

n-type BP,
VB ¼ 0

No BP
VB ¼ 0

n-type BP
VB ¼�VDD

VTH(mV) @
VD ¼ 0.1 V

604 506 253 �427 �302 �153
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asymmetry of the source and drain terminals and from the difficulty of
achieving tiny pillars with ultra-small integrate distances [2.183].

(iii) The third option is the FinFET. In this case, source and drain are set at both
edges of the silicon fin (Figure 2.52c). The current is controlled by the two
vertical gates and flows horizontally along the body sidewalls. On top of the
silicon fin, a dielectric layer called ‘‘hard mask’’ deactivate the formation of
an inversion channel at the top corners of the device. Another alternative
of the FinFET is the MIGFET (Multiple Independent Gate FET). In this
device, the top gate is etched, thus the lateral gates become independent, and
therefore they can play different roles (Figure 2.52d).

(iv) If the top gate is made active by reducing the top dielectric layer, the device
is named triple-gate MOSFET, or tri-gate MOSFET, although in fact one
single gate controls three different sections of the channel: two vertical and
one horizontal (Figure 2.53). The addition of the third gate improves the
electrostatical integrity of the device. This electrostatical integrity can be
improved still more by extending the sidewall portions of the gate electrode
to some extent inside the buried oxide (Pi-Gate transistor) or/and underneath
the channel region (Omega-Gate transistor). In fact, these devices will
behave, from the electrostatic point of view, as having a number of gates
between 3 and 4 [2.151, 2.184,–2.186].
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Figure 2.52 (a) Planar DGSOI (b) Vertical DGSOI (c) FinFET (d) Multiple
Independent Gate FET
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(v) The device with better control of the channel region by the gate is the sur-
rounding gate MOSFET, or Gate-all-around (GAA) MOSFET [2.187]. In these
devices, the gate electrode is wrapped around all sides of the channel region.

2.2.4.1 Fabrication technology for multigate transistors
The first modern self-aligned vertical multigate MOSFET was called DELTA
(DEpleted Lean channel TrAnsistor). This device was proposed by D. Hisamoto
et al. in 1989 [2.173]. Figure 2.54 shows a cross section of the DELTA MOSFET.

The critical fabrication steps in the front-end processing of a multigate MOS-
FET include, sequentially: (1) fin formation, (2) gate stack formation, (3) source
and drain extension implant, (4) spacer formation, (5) epitaxial raised source/drain
formation, and (6) deep source/drain implantation and activation anneal. The fab-
rication flow of a tri-gate MOSFET on a SOI substrate is shown in Figure 2.55:

(a) The SOI silicon top layer (TSi) thickness defines the fin height (FinHEIGHT).
(b) The fin pattern and the critical dimension of fin width (FinWIDTH) can be

defined by optical lithography or by spacer image transfer (SIT) [2.189,
2.190], followed by plasma etching. After fin etch, the fin sidewall surfaces
are rough. Therefore, oxidation and H2 annealing are often used to smooth the
sidewalls [2.191, 2.192].

(c) Next, the gate dielectric is grown and metal gate is deposited. It is suitable to
tune the threshold voltage (VTH) of the MOSFET by using a gate material that
has the appropriate effective workfunction rather than by doping the channel,

Gate Drain Drain

DrainDrain

Gate

GateGate

BOX BOX

BOXBOX

Source Source

SourceSource

(a) (b)

(d)(c)

Figure 2.53 Multigate transistors. (a) Tri-gate FET, (b) Pi-gate FET,
(c) Omega-gate FET, and (d) GAA-FET
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since as mentioned earlier, it is highly desirable to have intrinsic or lightly
doped channels.

(d) Since the gate stack is over the fin topography, a planarization step is desirable
to flatten the gate surface, which reduces the burden on photolithography and
gate etch. Significant overetch of the gate material is required to clear the

(a) (b)

Silicon
SiO2

Gate stack

Gate length

S/D implant

Gate oxide

Silicon fin

Spacer

S/D epitaxial regrowth

(c) (d)

(e) (f)

Figure 2.55 Fabrication sequence of a FinFET transistor
� 2008 Springer. Reprinted with permission from Reference 2.188
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Figure 2.54 DELTA MOSFET. The oxide under the Si fin was formed through
LOCOS oxidation, while the Si fin was protected by the nitride hard
mask and a nitride spacer prior to the oxidation process
� 2008 Springer. Reprinted with permission from Reference 2.188
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bottom of the fins. As a result, the gate etch must have a high selectivity to the
gate dielectric on top of the fin, if one wants to avoid damage to the fin during
gate etch.

(e) Source and drain (S/D) extensions are formed after gate patterning using low-
energy and large-tilt angled implants [2.193–2.195]. Next, S/D offset spacers
are formed along the sidewalls of the gate and fin.

(f) The sidewall spacers on the fins are subsequently removed to expose the fin to
grow raised source and drain using selective epitaxy [2.193–2.195]. The
raised source and drain structure helps to reduce the parasitic resistance
associated with thin fins [2.193].

For a complete treatment of multigate MOSFET technology, the reader can
follow Reference 2.188.

2.2.4.2 Multigate transistors and short channel effects
Starting from Poisson equation, Yan and coworkers [2.196] and Lee and coworkers
[2.186] introduced a powerful concept, the ‘‘natural length,’’ l, which is a measure
of SCEs in multigate transistors. It represents the distance of penetration of the
drain electric field into the channel [2.185, 2.186]. A device will be free of SCEs if
the channel length is at least six times the natural length [2.186]. The natural length
depends on the gate oxide thickness, the silicon film thickness, and the geometry of
the gate, i.e., the number of gates. Table 2.4 summarizes the expression of l, for
different device geometries.

Suzuki et al. [2.198] proposed an accurate expression for the natural length in a
double-gate device:

l2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eSi

2eox
1 þ eox

4eSi

tSi

tox

� �
tSitox

s
(2.31)

Table 2.4 Natural length for different multigate FETs

Device Natural length Ref.

Single gate
l1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eSi

1eox
tSitox

r
[2.185]

Double gate
l2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eSi

2eox
tSitox

r
[2.186]

Triple gate
l3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eSi

3eox
tSitox

r
[2.186]

Surrounding gate (square cross-section)
l4 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eSi

4eox
tSitox

r
[2.186]

Surrounding gate (circular cross-section)

lo ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eSit2

Siln 1 þ 2tox

tSi

� �
þ eoxt2

Si

16eox

vuuut
[2.197]
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Colinge and coworkers [2.184] also introduced the concept of effective gate
number, N, to generalize the expression of the natural length to an arbitrary number
of gates.

lN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eSi

Neox
1 þ eox

4eSi

tSi

tox

� �
tSitox

s
(2.32)

The value of N can be extracted experimentally from the dependence of threshold
voltage on the silicon film thickness, which in a multigate device is given by

VTH ;N ¼ VFB þ 2fF þ qNA

Cox

tSi

N
(2.33)

Thus, for a Pi-gate transistor, N takes the value of 3.14, and for an Omega-gate
FET, N is between 3 and 4, depending on the penetration of the fourth gate
underneath the channel [2.186].

The natural length depends on the silicon thickness, the oxide thickness, and
the number of gates. Based on the ‘‘natural length’’ concept, Suzuki et al. [2.198]
defined a scaling parameter, an, which allows one to estimate the short-channel
sensitivity of devices with different gate structures.

aN ¼ Leff

2lN
(2.34)

Given a silicon thickness, tSi, and oxide thickness tox, the minimum gate length
avoiding SCE can be estimated imposing a value of a � 2.2 [2.186].

2.2.4.3 Corner effects
Despite their benefits controlling SCEs, when multiple gate devices are considered,
new coupling effects appear due to their 3D architecture. Design studies of multiple
gate SOI MOSFETs have revealed that the corners of the silicon body can sig-
nificantly affect their I–V characteristics [2.176, 2.199–2.201]. This phenomenon is
commonly referred to as corner effects, and they are due to the formation of inde-
pendent channels with different threshold voltages next to the corners as compared to
the top or the sidewall gates. The corner components of the total current reflect a
lower threshold voltage than in the rest of the device, giving rise to a higher Ioff, which
degrades the Ion/Ioff ratio [2.202, 2.203]. In addition, the radius of curvature of the
corners has a significant impact on the device electrical characteristics and can
determine if the corner sections of the channel and the planar interfaces of the channel
will have a different threshold voltage. A comprehensive study of corner effects in Pi-
gate SOI transistors was performed in Reference 2.201. It was observed that the
extension of corner regions has an inverse dependence on doping concentration.
Thus, a reduction of doping density would help to prevent the presence of undesirable
double threshold voltages. However, it has also been demonstrated that, even when
highly doped substrates are used, corner effects can be suppressed as long as the
device dimensions are small enough. Moreover, the influence of corner rounding and
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the reduction of the gate oxide thickness were also analyzed. For these cases, the
elimination of the corner effects is based on the reduction of electrostatically favor-
able regions and, therefore, of potential variations along the Si–oxide interface. This
would avoid the possibility that different regions of the device become inverted at
different gate voltages. Therefore, in accordance with these results, corner effects are
not expected to play an important role in ultra-small structures. These conclusions,
reached from the study of Pi-gate MOSFETs, can be extended to similar structures,
such as tri-gate FETs, W-gate FETS, or GAA SOI MOSFETs.

2.2.4.4 Bulk FinFETs
The multigate devices described so far are fabricated on SOI wafers. However,
multiple gate devices can also be made on bulk silicon wafers [2.204, 2.205].
Indeed, Intel introduced bulk FinFETs in their 22 nm CMOS technology [2.206]
(Figure 2.56)

The main advantages of using bulk silicon over SOI substrates are basically two:

1. lower wafer cost, and
2. better substrate heat transfer rate.

The disadvantages seem to be much more numerous:

1. Bulk multigate FETs require for the fabrication additional isolation steps,
which increase the number of steps in the fabrication process and therefore
the final cost per device. Figure 2.57 compares the fabrication processes
for a bulk tri-gate transistor and for a SOI tri-gate transistor (see for instance
soiconsortium.org).
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Figure 2.56 Comparison of (a) SOI FinFET and (b) bulk FinFET
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Figure 2.57 Comparison of fabrication processes for bulk and SOI multigate
transistors. Adapted from soiconsortium.org
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2. There are in addition some issues related to geometrical variability that are
better solved in SOI FinFETs than in bulk FinFETs. The fin height in a bulk
FinFET is entirely determined by the fin etch step (not by the Si layer thickness
as in the case of SOI FinFET). This puts more pressure on etch variation control,
since any fin height variation translates into transistor width variation.

3. Although the control of the electrostatics of the channel by the gate in bulk
FinFETs is as good as in their SOI counterparts, underneath the fin, in
bulk devices, the source and drain have to be separated by heavy channel stop
implants to prevent sub-surface punch through.

4. The bulk silicon under the fin can be accessed by a body contact. But the body
factor of a bulk FinFET is very low, since the electrostatic potential inside the
fins is dominate by the gate, not by the body. Therefore, body bias is no
effective in changing the threshold voltage of a multigate bulk transistor.

Asenov’s group at University of Glasgow performed a comprehensive simu-
lation study comparing the performance of bulk multigate transistors and SOI-
based devices [2.84]. This study indicates that for a tri-gate FinFET, following the
normal design practice, the SOI device can introduce more than 6% performance
and Ion/Ioff ratio advantage compared to bulk FinFET, or can provide more than two
times reduction in leakage current at the same drive current. This is thanks to the
BOX isolation compared to the junction isolation which depletes the bottom part of
the bulk fin. For a DG FinFET, the advantage of SOI FinFET over its bulk coun-
terpart will be more pronounced: over 10% improvement on drive current and Ion/
Ioff ratio can be expected in SOI architecture for devices with the same leakage
current, and more than five times reduction of leakage current in SOI can be
achieved if both devices have the same drive current.

Although SOI FinFETs have slightly worse SCEs compared to bulk FinFETs,
to some extent it can be mitigated by BOX and substrate doping optimization. SOI
technology can efficiently help to reduce the process-induced FinFET variability.
In SOI FinFETs, there is no obvious degradation on statistical variability perfor-
mance compared to bulk FinFETs that have the best possible RDD performance.
Considering the larger process variation associated with the fin formation in bulk
technology, the SOI FinFETs can have better overall variability performance
compared to bulk FinFETs.

For a comprehensive discussion about bulk Si versus SOI FinFETs, the reader
can follow the work by Fossum et al. [2.85].

2.2.4.5 Quantum effects in quantum-well-based
multigate transistors

The thickness and/or width of the multigate transistors have to be reduced to values
below 10 nm in order to control SCEs as discussed previously. Under these con-
ditions, the carriers in the channel become quantized in one dimension (in
quantum-well-based devices, as DGSOI and FinFETs) or even in two dimensions
(in quantum wire-based devices as tri-gate, four-gate, or GAA devices). This results
in the formation of energy subbands and in electron distributions in the silicon film
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that can be significantly different from what is predicted by the classical theory.
The confinement of carriers is responsible for different behavior of carrier mobility
and threshold voltage.

We will start analyzing quantum effects and electron mobility in quantum-well-
based devices, i.e., those devices as planar DGSOI and FinFETs in which carriers are
confined only in the direction perpendicular to both gates (2DEG). We will consider
the case of quantum wire based devices (1DEG) in a next section of this chapter.

In a planar DGSOI structure the silicon slab is sandwiched between two oxide
layers. A metal or a polysilicon film contacts each oxide (Figure 2.58). Each of
these films acts as a gate electrode (front and back gate), which can generate an
inversion region near the Si–SiO2 interfaces if an appropriate bias is applied. Thus,
we would have two MOSFETs sharing the substrate, source and drain. The out-
standing feature of these structures lies in the concept of volume inversion, intro-
duced by Balestra et al. [2.206] if the Si film is thicker than the sum of the
depletion regions induced by the two gates, no interaction is produced between the
two inversion layers. The operation of this device is similar to that of two con-
ventional MOSFETs connected in parallel (Figure 2.59b).

However, if the Si thickness is reduced, the whole silicon film is depleted and
an important interaction occurs between the two potential wells. In such conditions
the inversion layer is formed not only at the top and bottom of the silicon slab (i.e.,
near the two silicon–oxide interfaces) but throughout the entire silicon film thick-
ness. It is then said that the device operates in ‘‘volume inversion,’’ i.e., carriers are
no longer confined at one interface, but distributed throughout the entire silicon
volume (Figure 2.59a).

Several authors have claimed that volume inversion presents a significant number
of advantages, such as: (i) enhancement of the number of minority carriers; (ii) increase
in carrier mobility and velocity due to the reduced influence of scattering associated
with oxide and interface charges and surface roughness; (iii) as a consequence of
the latter, an increase in drain current and transconductance; (iv) a decrease in low-
frequency noise; and (v) a large reduction in hot carrier effects [2.206].
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� 2008 Springer. Reprinted with permission from Reference 2.217
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To evaluate accurately the electron distribution in a DGSOI structure we must
self-consistently solve the Schrödinger and Poisson equations [2.146, 2.208–
2.211]. Figure 2.59 shows the potential distribution in the structure and the electron
concentration for two silicon thicknesses TSi ¼ 20 nm (a) and TSi ¼ 3 nm (b) and for
two electron concentrations (solid line: Ninv ¼ 1 � 1012 cm�2; and dashed line:
Ninv ¼ 8 � 1012 cm�2). In this case, Ninv is defined as

Ninv ¼
ð tSi

2

0
n xð Þdx (2.35)

where n(x) is the electron distribution.
From the self-consistent solution of the Poisson and Schrodinger equations, the

following conclusion can be drawn:

1. As in ultra-thin FDSOI discussed earlier, the subband modulation effect is an
important effect caused by the reduction of the silicon film thickness [2.210,
2.211]. This effect is related to the redistribution of the carriers among the
different electric subbands originated by the size quantization. The direct
consequence of a decrease of the conduction effective mass as the silicon
thickness decreases. Although the picture in DGSOI devices is slightly more
complicated than that observed in FDSOI structures, Figure 2.60a shows that,
also in DGSOI devices, the average conduction effective mass decreases as the
silicon layer thickness is reduced.

2. Another important quantum effect that appears in ultra-thin FDSOI inversion
as silicon thickness decreases is an increase of the phonon-scattering rate, i.e.,
the uncertainty in the location of the electrons in the direction perpendicular to
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the interface is lower as TSi decreases. By the uncertainty principle, there is a
wider distribution of the electron’s momentum perpendicular to the interface.
In other words, due to size quantization, the electron’s interface-directed
momentum does not have a single value (as in three-dimensional electrons),
but rather a distribution of likely values that expands as the silicon layer
thickness is reduced. Taking into account momentum conservation, there are
more phonons available that can assist the transitions between electronic states,
and therefore the phonon-scattering increases. Thus for the same inversion
charge concentration, the phonon-scattering rate is greater in thinner films than
in thicker ones (since the confinement is greater), and therefore we expect a
reduction of the mobility. Phonon-scattering rate is proportional to the form
factor displayed in Figure 2.60b. The form factor corresponding to ultra-thin
FDSOI inversion layers is also shown (dashed line). For thinner samples the
form factor is very large due to the geometrical confinement of electrons in a
very narrow space (no differences are observed between DGSOI and FDSOI).
As the silicon slab thickness increases, the form factor is quickly reduced, until
a minimum is reached in the region between 5 and 15 nm. Then, it increases to
approach, for thick samples (TSi � 20 nm), the value presented in ultra-thin
FDSOI inversion layers and in bulk inversion layers. As can be seen in the
figure, in the range TSi ¼ 5–15 nm the phonon-scattering rate for DGSOI
is lower than the one corresponding to FDSOI for the same thicknesses, and
even lower than the one corresponding to bulk inversion layers. Consequently,
in intermediate ranges of the silicon thickness (which depend on the inversion
charge concentration) the phonon-scattering rate in the DGSOI inversion layer
decreases, instead of increasing as expected. This is an important result, a
direct consequence of the volume inversion effect. This fact is important in
explaining the behavior of the transport properties.
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2.2.4.6 Electron mobility in quantum-well-based transistors
Phonon scattering is not the only scattering mechanism present in multigate devi-
ces. Although other scattering mechanisms (namely, those associated with the
Coulomb interaction with oxide and interface charges and with the roughness of the
silicon–oxide interfaces) are likely to be weakened by a volume inversion operation
[2.212–2.216], their contribution has to be taken into account. The weakness of
these scattering mechanisms is justified, at least a priori, by the spread of the
electrons throughout the whole silicon region. Nevertheless, we must not forget that
in order to achieve volume inversion, both channels must interact strongly, and this
only happens in the medium-high transverse electric field range when the silicon
slab between the two oxides is thin enough (below 20 nm as pointed out by [2.144,
2.212–2.216]). In these thin devices, although electrons are certainly spread along
the whole silicon layer, they may not be far enough from the interfaces and may
therefore be significantly affected by surface scattering mechanisms; much more
so, in fact, than in bulk MOSFETs, since they are now interacting with two inter-
faces. This means that scattering mechanisms may play a very important role in the
electron mobility in ultra-thin DGMOSFETs, contrary to what was previously
believed. This imposes a serious limitation on the minimum silicon thicknesses that
can be used in these devices, in addition to the limitations already presented by
other physical and technological issues, as detailed elsewhere [2.208, 2.212].

Using a one-electron MC method the stationary electron transport properties in
DGSOI and FinFET inversion layers have been evaluated. Electron quantization
in the inversion layer was taken into account in an appropriate manner, self-
consistently solving Poisson’s and Schrödinger’s equations assuming a simple
non-parabolic band model for the silicon. Once the electron distribution in the
silicon layer was determined, the Boltzmann transport equation was solved by
the MC method, simultaneously taking into account phonon, surface-roughness,
and Coulomb scattering. To do this, it was necessary to improve on existing scat-
tering models. The presence of two close silicon–oxide interfaces in a DGMOSFET
makes it significantly different from its standard-bulk counterparts. Figure 2.61
shows the total electron mobility for two values of the total inversion charge as a
function of the silicon thickness in a planar DGSOI transistor. For the sake of
comparison, the electron mobility in an ultra-thin FDSOI transistor with the same
parameters is also shown.

Figure 2.61 reveals the existence of three regions with different behavior in the
DGSOI electron mobility:

(i) The first region corresponds to thick silicon slabs. In DGSOI inversion layers
the two channels are sufficiently separated and no interaction appears
between them. This situation corresponds to two conventional inversion
layers in parallel, separated by a large potential barrier. The behavior of
electrons in each of these inversion layers is the same as that observed in a
bulk silicon inversion layer. As the silicon thickness is reduced, the inter-
action between the two inversion layers causes the electrons to occupy the
entire silicon volume. This is the beginning of the second region, which
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strongly depends on the value of the transverse effective field, since for high
electric fields a potential barrier, which obstructs the mutual influence of the
two channels, is formed in the middle of the silicon slab.

(ii) In the second region, the electron mobility in DGSOI inversion layers is up to
20% larger than the mobility in FDSOI inversion layers. The limits of this
region and the values of the mobility depend on the inversion charge con-
centration. This is the region in which volume inversion occurs. In this
region of silicon thickness, both subband energy levels and wave functions
vary significantly as a consequence of the two channels interacting. It is for
this reason that the phonon-scattering rate decreases [2.146] compared to its
value in conventional bulk. This happens down to a certain value of silicon
thickness. For lower thicknesses, although the electrons are distributed
throughout the entire silicon layer, their confinement is greater (due to the
geometrical confinement), and therefore, the phonon-scattering rate increa-
ses, as shown in Figure 2.61. This marks the beginning of the third region.

(iii) In the third and last region (tSi < 4 nm), the mobility for DGSOI falls
abruptly. In this zone, mobility is limited by the thickness of the silicon slab,
and therefore electron mobility falls abruptly.

For a complete and comprehensive study of the electron mobility in multigate
devices, the reader can follow Reference 2.217.

2.2.5 Silicon multigate nanowires
Multiple-gate FETs provide a good electrostatic control of the channel and
therefore the possibility of a higher reduction of the channel length compared to
traditional bulk MOSFETs. It has been demonstrated that for DGSOI transistors to
operate correctly is necessary silicon thicknesses tSi lower than half of the channel
length Lch/2. The use of several gates can relax this condition without degradation
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of the device performance. Therefore, since the characteristic dimensions for the
next node generations is well below 100 nm, the silicon fin cross-section will reach
the nanometer scale, confining the carriers in the two directions perpendicular to
the transport one. As a consequence, the 2D electron gas is transformed in a 1D
one. The density of states experiences an important transformation due to their
different energy dependence. Under these circumstances, it has been experimen-
tally observed a change of fundamental electrical parameters such as the threshold
voltage [2.218].

The need to scale the active channel region below 30 nm requires a silicon body
width and thickness of the same dimensions or even lower in order to maintain an
acceptable gate electrostatic control of the channel potential. For these reduced
dimensions, carriers are confined in the directions perpendicular to the transport,
such devices being called NWs. The potential application of semiconductor NW
field- FETs as potential building blocks for highly downscaled electronic devices
with superior performance is attracting considerable attention [2.219, 2.220].

With regard to their manufacturing process, it is possible to establish two
different approaches, bottom-up and top-down:

(i) The bottom-up approach refers to the methodology that employs chemistry
to promote the self-assembly of complex mesoscopic architectures. One of
the most important discoveries in recent years has been the growth of single-
crystal nanostructured materials at low temperatures using different nan-
ometer-sized metallic nanoparticles (e.g., Ni, Au, Fe) as catalysts [2.221]. A
wide variety of semiconductor materials such as Si, Ge, GaAs, GaN, and InP
can be synthesized employing this technique [2.222, 2.223]. Different
applications, such as laser action, photoluminescence, sensing, p-n junction,
and FETs, have already been demonstrated. Currently, the FETs fabricated
from Vapor-Liquid-Solid (VLS) grown NWs may offer better size uni-
formity than etching for very small diameters (<5 nm) due to controlled
chemical synthesis.

(ii) The top-down approach refers to those devices with dimensions in the nano-
meter range, fabricated using the standard techniques employed for CMOS
processing, namely, photolithography, thin-film deposition, etching, and
metallization, to obtain multigate SOI FETs with very small dimensions
[2.224, 2.225].

As has been established previously in this chapter, Multiple-Gate SOI MOS-
FETs are considered an attractive alternative to traditional bulk MOSFETs since
they have proved to give better electrostatic control of the channel, allowing a
greater reduction of the channel length (Lg) while the SCEs are kept under control.
Moreover, the use of two, three, or even four gates allows a relaxation of the width
(WSi) and height (HSi) of the silicon fin compared with Lg. When the dimensions of
the semiconductor fin, WSi and HSi (see Figure 2.62), reach the nanometer scale, the
carriers are confined in two dimensions, in the plane perpendicular to the transport
direction. Therefore, the bulk crystal symmetry is not preserved and fundamental
magnitudes, such as the density of states, and the band structure, experience
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important modifications, which will influence the carrier transport properties of
these new devices.

2.2.5.1 Quantum effects in Si nanowires
It has been demonstrated that band structure effects begin to manifest in silicon
NWs with diameters below 5 nm. For higher dimensions, the simple parabolic
effective-mass approach with bulk effective-masses is the optimum solution due to
its reduced computational cost. Moreover, with very small dimensions (<5 nm) this
method can be still used when appropriate tuning parameters are employed [2.226].
Therefore, the modified semiconductor band structure should be taken into account
when the device dimensions are below the limit of 5 nm since other important
parameters, such as the threshold voltage and the gate-channel capacitance, suffer
considerable modifications [2.227]. In order to understand in depth the transport
properties of these one-dimensional (1D) devices, detailed knowledge of the elec-
tron density and the electrostatic potential is necessary. Obviously this requires the
solution of the Poisson equation. Two different approximations can be carried out
to achieve this goal. On the one hand, whether or not the whole device is con-
sidered, the solution of the three-dimensional (3D) Poisson equation for the elec-
trostatic potential has to be carried out [2.228–2.230].

On the other hand, if a very long device is considered, this equation can be
restricted to a plane perpendicular to the transport direction and the influence of the
source and drain contacts neglected. In this case, a 2D Poisson equation must be solved:

r erfð Þ ¼ �q p � n þ Nþ
D � N�

A

� �
(2.36)

where f is the electrostatic potential, e is the dielectric constant, q is the electric
unit, n and p are the electron and hole concentrations, and ND

þ and NA
� are the

ionized donor and acceptor concentrations. Use of the finite element method allows
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Figure 2.62 Representation of a SiNW where WSi and HSi represent the
semiconductor fin width and height respectively, Lg the gate length,
and Tox the gate oxide thickness. Different cross-sections, such as
triangular, circular, or trapezoidal can be considered in addition to
the rectangular one
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the simulation of different geometries, such as triangular, cylindrical, or rectangular
cross-sections. Due to the reduced dimensions of the devices under study, it is
mandatory to include the quantum effects in the simulation, through the self-
consistent solution of the Schrödinger equation. The most common approximation
is the solution of the equation in two dimensions in the channel cross-section. If the
whole device is studied, this solution is carried out in an arbitrary number of slices
along the device length and then coupled with the corresponding transport equation
[2.228, 2.229].

It can be assumed that confinement is produced in the y- and z-directions and
transport in the x-direction and, as a first approximation, the effect of source and
drain contacts can be neglected. Therefore, the 2D Schrödinger equation can be
written as
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where my and mz are the effective electron masses along the y- and z-axis, respec-
tively, and Yu the wave function belonging to energy level En.

In order to self-consistently solve the two equations, different algorithms can
be employed. However, the predictor-corrector scheme proposed by Trellakis et al.
[2.231] has been tested by several authors [2.232, 2.233] on different semi-
conductor structures with excellent results in every case. In order to show the
correct operation of the above procedure, it has been applied to a silicon Gate All-
Around (GAA) MOSFET, where the semiconductor is completely surrounded by
the insulator and the gate contact. In all the calculations, we assumed a square
cross-section (WSi ¼ HSi), substrate doping of 1015 cm�3, Tox ¼ 1 nm, and a midgap
workfunction metal gate (fm ¼ 4.61 eV).

Figure 2.63a,c represents the electron distribution in a silicon GAA with WSi ¼
HSi ¼ 15 nm while Figure 2.63b corresponds to a 4 nm lateral size. Figure 2.63d
was calculated using a classical solution of the structure and an applied gate voltage
(VG) equal to 1 V. The maximum electron density is located at the Si–SiO2 inter-
face, right in the corners, and its value is clearly overestimated when compared
with the corresponding quantum simulation shown in Figure 2.63c. Figure 2.63a
was calculated for the same device shown in Figure 2.63c but with a gate voltage
reduced to 0.25 V. It shows how the electrons are spread throughout the whole
silicon body with a peak density at the centre of the structure due to the so-called
volume inversion effect [2.207]. Figure 2.63b corresponds to a device with reduced
silicon fin dimensions (WSi ¼ HSi ¼ 4 nm) and shows that for the same gate voltage
as Figure 2.63c (VG ¼ 1 V), the maxima of the electron density are again located at
the center of the semiconductor due to the volume inversion effect.

2.2.5.2 Electron transport in Si nanowires
The electron transport properties in Si NWs can be studied from different approx-
imations such as the Kubo-Greenwood formula [2.234, 2.235] modified for 1D
transport, the nonequilibrium Green’s function (NEGF) formalism [2.236, 2.237]
or an MC simulation where the quantum effects have been taken into account
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[2.238, 2.239]. The MC procedure has been quite popular in recent decades and the
scattering models have been tested in a large number of semiconductor structures
[2.240]. However, the MC algorithm normally used to calculate the electron
transport properties in silicon inversion layers has to be modified to take into
account the special characteristics of carrier confinement in two dimensions.
Among the different scattering mechanisms, which can influence carrier mobility
in a SiNW, it has been demonstrated that phonon scattering is the dominant
mechanism in mobility degradation in a Si MOSFET under operating conditions at
room temperature. Therefore, phonon mobility is dominant in low effective fields
and its value is determined by the acoustic and intervalley scattering rates. The
results obtained from MC simulation are shown in Figure 2.64 where the calculated
values of phonon-limited mobility are depicted as a function of the gate voltage
for three different values of the square cross-section (WSi ¼ HSi ¼ 15 nm; 10 nm;
5 nm). As can be observed, phonon-limited mobility is quite similar for the larger
cross-sections (15 and 10 nm of lateral size). However, if the silicon fin is reduced
to 5 nm, a significant degradation is found [2.239, 2.241].

Electron mobility in multigate NWs based in III–V materials have been widely
studied in References 2.242–2.246.
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Figure 2.63 (a)–(c) Calculated quantum electron distributions in a silicon GAA
nanowire with WSi ¼ HSi ¼ 15 nm (a) and (c), and WSi ¼ HSi ¼ 4 nm
(b). (d) Calculated classical electron distribution in a silicon GAA
nanowire with WSi ¼ HSi ¼15 nm and the same gate bias as (c)
� 2008 Springer. Reprinted with permission from Reference 2.217
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Different research groups are currently working on the manufacture and char-
acterization of Si NWs and a wide variety of experimental results have been presented.
As an example, we could mention the studies published by Lieber’s group [2.247,
2.248], which have shown that the average transconductance and mobility show sub-
stantial advantages for SiNWs obtained from vapour-liquid-solid (VLS) synthesis
compared with more conventional multigate FETs. However, a number of issues
including device performance, reproducibility, and high-quality ohmic contacts must
be addressed if such systems are to be implemented in the future. More recently,
electron mobility as high as �1,000 cm2/Vs has been reported for n-channel SiNW
FETs made following conventional semiconductor manufacturing techniques, from a
p-type SOI wafer with nþ source and drain. Moreover, the authors of this work con-
clude that as the channel width decreases, the inversion layer mobility of the SiNW
increases to approximately twice the mobility of the larger channel-width FETs
[2.249].

Singh et al. [2.225] reported the fabrication of GAA n- and p-FETs on a SOI
wafer with a diameter smaller than 5 nm and lengths around 1,000 nm where the
estimated electron and hole mobilities are �750 and �325 cm2/Vs at high fields.
These experimental results cover a wide range of mobility values and, to date, a
clear explanation is not available for all of them. Various reasons have been put
forward to justify these discrepancies, such as strain in the semiconductor due to
the oxidation process or the possible suppression of intervalley phonon scattering,
volume inversion, and reduced surface roughness at high fields [2.225].

The unique properties observed in 1D electron gases can be appreciated only
when lateral dimensions are well below 10 nm since otherwise their behavior
much more closely resembles that found in traditional silicon inversion layers. This
conclusion can be relaxed when very low temperatures are applied, as was
demonstrated by Colinge et al. [2.250].
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Figure 2.64 Phonon-limited electron mobility in a silicon GAA as a function of
the gate voltage. Three different cross-sections are considered
(WSi ¼ HSi), 15 nm, 10 nm, and 5 nm
� 2008 Springer. Reprinted with permission from Reference 2.217
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2.2.6 Junctionless transistors
All the devices presented so far along this chapter are based on the formation of
junctions. Junctions are capable of both blocking current and allowing it to flow,
depending on an applied bias. For example, the MOSFET transistors are made
using two p–n junctions: the source junction and the drain junction. Therefore, an
n-channel MOSFET transistor is an N-P-N structure, while a p-channel transistor is
a P-N-P structure. As detailed in previous sections, trends in the electronic industry
require smaller and smaller components resulting in transistor sizes down to the
nanoscale. This is starting to pose significant manufacturing problems. In classical
very small transistors one has to form two junctions, since source and drain regions
are separated by channel area with opposite doping polarity. The diffusion of
source and drain doping atoms is difficult to control in very short-channel transis-
tors. In all transistors, the scattering and diffusion of source and drain impurities
into the channel region becomes a bottleneck to the fabrication of very short
channel devices, and very low thermal budget processing techniques must be used
[2.251]. Very costly techniques are used to minimize this diffusion, but even in the
absence of diffusion the statistical variation of the impurity concentration due to
ion implantation or other doping techniques can cause device parameter variation
problems. To overcome these problems, in 2010 J. P. Colinge proposed [2.252] the
junctionless transistors (JNTs). These devices are fabricated without source and
drain formation process, as the doping type and concentration in the channel region
is essentially equal to that in the source and drain, or at least to that in the source
and drain extensions [2.253–2.255]. A JNT is basically an FD accumulation-mode
device, consisting of a heavily doped SOI NW resistor with an MOS gate to control
current flow. Doping concentration is constant and uniform throughout the device
and typically ranges from 1018 and 1020 cm�3. The JNT device can be tuned to
normal-off state when the gate workfunction is properly chosen and the highly
doped channel can be FD with no gate bias. As gate voltage is increased, the JNT
enters into partially depletion state, and current conducts in the centre of the NW
when VD is supplied, and then at flatband voltage, the depletion region is com-
pletely gone. The accumulation starts at the NW surface when further raises the VG,
which additionally offers an accumulation current, in spite of the bulk current.

Figure 2.65 shows calculated ID–VG curves for a cylindrical GAA JNT with a
gate length of Lch ¼ 20 nm and a radius, Ri ¼ 3 nm. Doping concentration was set to
ND ¼ 8 � 1019 cm�3. The metal gate was assumed to have a workfunction of 5.5 eV
and the oxide thickness is set to tox ¼ 2 nm. The curves were calculated by self-
consistently solving Poisson equation and drift-diffusion and continuity equations.
In this device, the subthreshold slope results to be S ¼ 70 mV/dec.

In subthreshold operation (VG ¼�0.2 V in Figure 2.66), the silicon is FD.
Threshold voltage is reached when a portion of the silicon becomes neutral. At that
point the device is PD. The bulk current flows in this neutral channel (that is not
depleted silicon). Therefore carriers in a JNT transistors see a zero electric field in the
directions perpendicular to the current flow. This is a big difference with inversion
mode GAA or tri-gate transistors. As gate voltage increases, depletion decreases and
the diameter of the neutral channel increases. When the gate voltage reaches flatband
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voltage the entire channel region becomes neutral (assuming low VDS). Further
increasing the gate voltage brings about the formation of an accumulation layer.

In conclusion, JNTs are unipolar, thin-film, heavily doped (typically in the
1019 cm�3 range) MOS transistors. Because of its simple design, the JNT architecture
has been adapted to semiconductor materials other than silicon. In the off-state the
channel is FD owing to the workfunction difference between the semiconductor and
the gate material. When the device is turned on, a substantial part of the current is
carried in the bulk of the thin film, and is usually augmented by an accumulation
current contribution. JNTs are characterized by reduced SCEs and present excellent
subthreshold slope and low DIBL [2.256]. As a result, CMOS junctionless devices
with outstanding short-channel characteristics have been demonstrated for gate
lengths down to 13 nm. The JNT is probably the most scalable of all FET structures, as
demonstrated by both ab initio simulations and experimental devices with gate lengths
as small as 3 nm.

2.2.7 Tunnel field-effect transistor
Tunnel Field-Effect Transistors (TFETs) are one of the most promising devices to
replace conventional MOSFETs. Their low off-current and steeper subthreshold slope
overcoming the 60 mV/dec limit of MOS transistors, make them enormously attrac-
tive for low-power applications. One of the main problems arising in MOSFETs is that
when they are scaled down, so as to do their power supply voltage in order to reduce
power density. The subthreshold swing limit of 60 mV/dec present in conventional
MOSFETs, imposes a severe roadblock to reduce the supply voltage plateau of 1 V
and maintain high ON-state currents along with low OFF-state leakages. TFETs, on
the other hand, are based in the so-called BTBT mechanism which makes the carrier
injection into the channel essentially dependent on the quantum process of tunneling
across an energy barrier. This fact allows extremely low subthreshold swings when the
device turns on due to the quasi-exponential dependence of the current on the barrier
width. Likewise, when the transistor is off, the tunneling barrier keeps the leakage
current extremely low. In MOSFET scaling, tunneling phenomena from heavily
doped junctions resulted in parasitic leakage currents. However, as this process is
precisely the working principle of TFETs, it is no longer an unwanted parasitic effect.
Furthermore, since tunneling only takes place in a very small region of these devices,
this may allow significant gate scaling up to the distance of BTBT which in silicon
represents less than 10 nm. As source-to-drain DT is negligible for channel lengths
greater than that value [2.257], TFETs could in principle be scaled to very small
dimensions without relevant leakage current degradation.

Since the discovery of BTBT in 1957 by Esaki [2.258] when studying very
narrow germanium p–n junctions, this phenomenon based on the tunneling injection
of carriers from occupied states in the valence (conduction) band to empty states in
the conduction (valence) band has been demonstrated in many devices. As indicated
earlier, such a mechanism has been shown, for example, in MOSFETs (both lateral
and vertical). The first gated p-i-n structure was proposed in 1978 at Brown
University [2.259] suggesting it for spectroscopy. Transistors based on it (like
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B2T–MOSFETs [2.260] or others replacing the i-region under the gate by a
p�-region [2.261]) were investigated, showing the lack of VTH roll-off and tempera-
ture dependence of the device characteristics when scaling. However, the first gated
p-i-n diodes operating as Surface Tunnel Transistors were proposed on III–V com-
pounds [2.262]. Similar tunneling transistor operation was developed in silicon at
Cambridge [2.263], and later at Toshiba [2.264]. The interest of these first results was
limited until the experimental results presented in 2000 by W. Hansch and I. Eisele on
vertical p-i-n diodes [2.265–2.267]. In 2004, a lateral gated p–n junction diode
(without intrinsic region) on silicon-on-insulator was fabricated [2.268] at Brown
University. In this last case, the lack of intrinsic region reduced gate capacitance but
did not significantly improved ON-current – which was still very low – and also
produced an increase in leakage current. Also in 2004, Appenzeller et al. [2.269]
reported for the first time a subthreshold swing under 60 mV/dec in carbon nanotube
FETs (CNFET). A back gate and a top gate were employed to achieve the necessary
band configuration to trigger BTBT. In 2005, the same authors [2.270] compared
several CNFETs concluding that the single gate configuration presented the best
performance. Despite the obtained results for CNFETs, the research on silicon-based
FETs offered in principle a more immediate possibility to industrial applications due
to the greater development of this technology [2.271, 2.272].

2.2.7.1 Structure and operation
The device structure of a TFET essentially differs from that of the MOSFET in the
nature of the dopants used in the source and the drain. While MOSFETs have the
same type of dopants, in TFETs, source and drain are of opposite types. The basic
constituent of TFETs is thus a gated p-i-n diode, or less frequently – as previously
mentioned – a gated p–n diode [2.268]. The name of the terminals is chosen
to resemble the MOSFET biasing. To switch the device ON, the diode has to be
reverse biased and a voltage applied to the gate. Therefore, an n-type TFET would
require a positive voltage in the gate and also in the n-doped region, which would
play the role of the drain if one recalls the analogy with the NMOS. The other pþ

region would act as the source and the intrinsic region as the channel. Figure 2.67
shows a schematic of a lateral single gate n-type silicon TFET where the dielectric

Dielectric

Intrinsic regionp+ Doped region n+ Doped region

Gatex
y

Vds

Vgs

tSi

Figure 2.67 Single gate n-type TFET. The pþ-region acts as the source and the
nþ-region as the drain
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covers the source, the drain and the channel. In a p-type TFET, the dopings would
be the opposite: the source would be nþ and the drain, pþ.

Prior to study the operation regimes of these transistors, and in order to better
understand them, it may result very useful to analyze the qualitative behavior of the
p–n tunnel diodes, in which p–i and n–i junctions of the TFET are based. Tunnel
diodes consist of a p–n junction in which both p and n sides are degenerate
(i.e., very heavily doped).

To illustrate this, let us consider the tunnel diode configurations depicted in
Figure 2.68 along with their corresponding points in the I�V curve, and discuss the
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Figure 2.68 Energy band diagrams and I�V characteristics of a tunnel diode at
(a) reverse bias with increasing tunneling current; (b) thermal
equilibrium, zero bias; (c) forward bias V such that peak current is
obtained; (d) forward bias approaching valley current; and
(e) forward bias with diffusion current and no tunneling
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different processes taking place in them at absolute zero temperature. Each of the
different figures corresponds to:

(a) When the tunnel diode is reverse biased (p-side negative bias with respect to
n-side), the BTBT current increases monotonically and indefinitely.

(b) At thermal equilibrium, no voltage is applied and the Fermi levels are aligned.
That means that above the Fermi level there are almost no filled states on
either side of the junction, and below it there are almost no empty states
available on either side of the junction. Hence, net tunneling current at zero
bias is zero.

(c) In the forward direction (positive voltage at the p-side with respect to n-side),
the current first increases to a maximum because electrons can tunnel from
the conduction band to the valence band. Tunneling is possible as there is a
common band of energies with filled states on the n-side and unoccupied
states on the p-side.

(d) If forward voltage is further increased, this range of common energies
decreases and so does the current until the bands are uncrossed and there are
no available states aligned with filled states.

(e) Once tunneling current becomes zero, normal diffusion current begins to
dominate and current increases again exponentially.

However, in Figure 2.68e there also exists another type of current contribution
called excess current. The excess current arises from a BTBT process that takes
place indirectly through energy states within the forbidden gap. Several possible
routes followed by carriers can be seen in Figure 2.69 [2.273]. As an example, an
electron could drop down from A to an empty level at B, decreasing its energy,
from which it might tunnel to the final state D in the valence band. Alternative
trajectories would be ACD, or even a staircase route formed by several tunneling
transitions followed by vertical losses of energy. This last one is by far less prob-
able and requires a sufficiently high concentration of intermediate states.

C A
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EFnEg

EC

E

EV
EFp

Figure 2.69 Example of different BTBT trajectories through intermediate states in
the forbidden gap. Ex is the energy through which the electron must
tunnel in B
� 1961 American Physical Society. Reprinted with permission from Reference 2.273

Device physics, modeling, and technology for nano-scaled semiconductor 103



2.2.7.2 Operating regimes of the TFET
In Figure 2.70, we show the band diagrams for the OFF and ON states of the TFET.
There are two configurations that correspond to the OFF state. The first is when the
band structure is in equilibrium and no bias applied, Figure 2.70a, which corre-
sponds to a situation as that shown in Figure 2.68b. In this initial state, the built-in
potentials of the p–i and n–i junctions determine the characteristic staircase-like
profile that can be observed. When we only apply a positive voltage to the drain,
VDS > 0, the current flow is not allowed through the device in absence of gate bias
because electron and hole currents are blocked by the built-in barriers (Figure 2.70b
with VGS ¼ 0). In this situation, only reverse biased p-i-n diode leakage current
flows between the source and the drain. This leakage current is extremely low (may
result of order fA/mm).

When we apply positive voltage to the gate, VGS > 0, the conduction band
inside the channel is pushed down until it is aligned with the top of the valence
band of the source. From that point onward, BTBT begins to be possible and car-
riers (in this case, electrons) are injected from the source into the channel
(Figure 2.70b with VGS > 0). This operating mode is the n-channel ON-state with
source/channel junction resembling that of Figure 2.68a. We clearly see how the
gate controls the band bending inside the channel and, consequently, the BTBT
mechanism. TFETs designed with symmetry between the p- and n-doped regions,
may show ambipolar behavior provided that adequate voltages are applied to the
terminals. In our case, if we change the sign of the voltage applied to the gate,
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Figure 2.70 Energy band diagrams of the TFET taken horizontally along the
channel close to the dielectric interface. (a) OFF-state showing the
equilibrium configuration of energy bands when no bias is applied at
the gate and the drain. (b) Combined ON- and OFF-states. When
VGS ¼ 0, BTBT cannot take place and only p-i-n diode leakage current
exists: OFF-state. If a big enough VGS > 0 is applied, the conduction
band in the channel is pushed down and BTBT may appear: ON-state.
DF represents the difference between the top of the valence band in the
source and the bottom of the conduction band in the channel
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VGS < 0 – while keeping VDS > 0 – the bands inside the channel move up and
carriers can tunnel through the drain/channel junction as soon as the valence band
inside the channel is lifted above the bottom of the conduction band in the drain.
This can be seen in Figure 2.71. In this case, we again recall the situation of
Figure 2.68a, but now between the drain and the channel. Obviously, this ambipolar
behavior would imply a reassignation of ‘‘source’’ and ‘‘drain’’ labels for the
p-channel ON-state if one wants to keep the analogy with the MOSFET operation.

To complete the description of the operating modes of the n-type TFET, let us
consider VDS < 0 and sufficiently large. In that case, the p-i-n structure is forward
biased which means that carriers can flow with VGS ¼ 0 and results in exponential
diode characteristics. The application of gate bias may block either the electrons or
the holes by means of a potential barrier but not both. This configuration is not
appropriate for switching purposes. Hence, while the drain bias switches the device
characteristics from that of a forward-biased p-i-n diode to that of a TFET, the gate
bias switches the TFET characteristics from an n-channel to a p-channel mode of
operation, when the diode is reverse-biased.

TFETs are essentially based on tunneling rather than thermal emission. In this
sense, they clearly differ from the normal operation pattern of conventional MOS-
FETs. In the subthreshold regime, we can use the following expressions [2.274] to
describe the BTBT current in a tunnel diode assuming DT where the momentum is
conserved in direct bandgap

IBTBT ¼ C1

ðEVp

ECn

fC Eð Þ � fV Eð Þ½ �T Eð ÞNC Eð ÞNV Eð ÞdE (2.38)

Vgs < 0

Vds > 0

ON-state (p–channel)E

EC

EV
EF

Source Channel Drain

ΔΦ

Figure 2.71 Band diagram configuration of the p-channel ON-state of the TFET.
Carriers are injected from the drain into the channel once the top of
the valence band inside the channel is raised over the bottom of the
conduction band in the drain
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C1 is a constant, NC,V (E) are the density of states in the conduction and valence
bands respectively, T(E) is the transmission probability across the energy tunneling
barrier width – which is assumed to be equal for both directions – and fC,V (E) are the
occupation probabilities of the bands described by the Fermi distribution functions.

Let us focus now on the tunneling process that happens at the source/channel
junction in the n-channel mode. The bands profile is similar to that shown in
Figure 2.68a. An accurate way to describe the transmission probabilities through
the barrier was developed by Sze [2.275] using the WKB approximation and a
triangularly shaped potential barrier, as depicted in Figure 2.72.

The 1D expression for the tunneling transmission probability is given by

T Eð Þ � exp �2
ðxend

xstart

k xð Þdx

� �
(2.39)

with k(x) the wave vector of the electron inside the barrier, which, using the para-
bolic band approximation is given by

k xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m	

ℏ2 U xð Þ � Eð Þ
r

(2.40)

where m	 is the electron effective mass. If we assume that, according to Figure 2.71,
the electron approaches the barrier at the bottom of the triangle, then E ¼ 0 for it.
The linear equation for the potential energy reads as

U xð Þ ¼ Eg

2
� qF xð Þx (2.41)

With these assumptions, the transmission probability reads as
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(2.42)

To perform the integration we have assumed that the electric field, F(x), is uni-
form along the integration path (F(x) ¼ F) which is consistent with the approximated
shape of the barrier of Figure 2.72. This assumption is made in the so–called

Eg Barrier
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EFn e–
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Figure 2.72 BTBT process approximated by a triangular barrier with the electron
tunneling at the base of the triangle
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semiclassical local models and allows obtain an analytical expression for the trans-
mission probability. A more realistic approximation is incorporated in non-local
models, which explicitly regard F as a function of x given its dependence on the band
bending at every point inside the barrier. As a consequence, in non-local models, T(E)
is more accurately described. Nonetheless, unlike what happens in local models, the
integration cannot be solved analytically but only numerically. The electric field may
be replaced by F ¼ Eg

qw in the case of the situation shown in Figure 2.72 (with
w ¼ xend � xstart), thus leaving T(E) as a function of the width and height of the barrier

T Eð Þ � exp � 4w
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2m	Eg

p
3ℏ

 !
(2.43)

Finally the BTBT current can be expressed as

IBTBT ¼ Aq2

36pℏ2
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where the integral D is

D ¼
ð

fC Eð Þ � fV Eð Þ½ � 1 � exp � 2ES

E

� �� �
dE (2.45)

with E and ES given by
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ffiffiffi
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qℏF

p
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ES ¼ min EVp � E;E � ECn
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(2.47)

The BTBT current is finally given by

Ibtbt / exp � 4l
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" #

DF Vgs

� �
(2.48)

Here, l is the screening tunneling length and describes the spatial extent of the
transition region at the source–channel interface; it depends on the specific device
geometry. In a TFET, at constant drain voltage, VDS, the VGS increase reduces l and
increases the energetic difference between the conduction band in the source and
the valence band in the channel (DF), so that in a first approximation the drain
current is a super-exponential function of VGS. As a result, in contrast to the
MOSFET, the point subthreshold swing of the TFET is no longer a constant but
strongly depends on VGS. This behavior clearly differs from that of conventional
MOSFETs, in which SS is a constant and does not vary with VGS.

Figure 2.73 compares the subthreshold characteristics of a TFET and an ideal
MOSFET transistor (SS ¼ 60 mV/dec). Swing is smallest at the lowest VGS for
which BTBT occurs, and increases as VGS does likewise. As a consequence of this
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variation, two different SS are defined in TFETs: the point swing, Spt, and the
average swing, Sav. Spt is the smallest swing anywhere in the IDS–VGS curve, and in
most cases coincides with the point where BTBT starts. On the other hand, Sav is
the swing taken from the point where BTBT begins, up to the threshold voltage.
There is not a unified definition of the threshold voltage in TFETs. Some authors
use the constant current technique (usually 10�7 A/mm). Other authors choose a
more physically based definition and regard the threshold voltage as the voltage at
which the control that the corresponding electrode exerts over the current changes
from quasi-exponential to linear.

These two swings are qualitatively shown in Figure 2.73 along with the
conventional MOSFET characteristics. Note that typically the TFET has a lower
ON-state and OFF-state current. Sav is the most important swing for switch per-
formance. Unlike conventional MOSFETs where SS is a function of the thermal
factor kT/q, SS does not depend on temperature to a first approximation in TFETs.
This fact is not surprising since tunneling currents are weakly dependent on tem-
perature. However, this does not imply that there is no degradation in Spt or Sav.
Degradation with T indeed exists given that rising temperatures clearly affect
leakage current by increasing it, and making the steepest region of the curves dis-
appear. Figure 2.74 shows simulated Ids–Vgs curves for a single gate and a double
gate n-channel TFETs (schematically shown in Figure 2.75).

Today TFETs represent the most promising steep-slope switch candidate,
having the potential to use a supply voltage significantly below 0.5 V and thereby
offering significant power dissipation savings. Because of their low off currents,
they are ideally suited for low-power and low-standby-power logic applications
operating at moderate frequencies (several hundred MHz). Other promising appli-
cations of TFETs include ultra-low-power specialized analog ICs with improved
temperature stability and low-power SRAM.

Sav

Spt

MOSFET

TFET

VT

60 mV/declog(Ids)

VGS

Figure 2.73 Qualitative comparison between and ideal MOSFET and TFET
subthreshold characteristics. Spt and Sav are depicted for TFETs
showing the nonuniformity of subthreshold slope (SS)
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The biggest challenge is to achieve high performance (high ION) without
degrading IOFF, combined with an SS of less than 60 mV per decade over more
than 4 decades of drain current. This requires the additive combination of the many
technology boosters specific to complementary heterostructure TFETs, which are
available or under research on advanced SOI CMOS platforms.

2.3 Different approaches for semiconductor device
modeling and simulation

2.3.1 TCAD tools: technological motivation and general outlook
The IC plays a key role in our modern digital information society. Sophisticated
technology computer-aided design (TCAD) tools are currently used to assist in IC
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development and engineering at practically all stages from process design and
definition to circuit development and optimization. The level of success which
microelectronics has achieved by now was predestined and enabled by the exten-
sive smart TCAD use providing and supporting an appropriate level of mathema-
tical abstraction necessary to design elements and circuits containing billions of
interconnected devices. At present, TCAD tools allow to reduce research and
development costs by approximately 35%–40% [2.276]. Superior performance is
achieved by making transistors smaller, faster, cheaper, and more energy efficient
and by assembling more elements on a die. Thanks to the unique MOSFET scal-
ability, the minimum feature size of a transistor has been successfully reduced for
more than four decades, allowing to effectively double the number of transistors on
a chip by every second year. Today, with the 14 nm CMOS technology introduced
[2.59, 2.66], the physical transistor gate length is shorter than 20 nm. Nowadays,
this trend which is institutionalized as the famous Moore’s law is showing signs of
saturation as Intel has recently announced a delay in bringing to the market the next
generation of devices manufactured within the 10 nm technology node [2.315].
However, supported by a demonstration of MOSFETs with a gate length as short as
6 nm already in 2002 [2.290], the International Technology Roadmap for Semi-
conductors [2.276] predicts further scaling beyond the10 nm node in the coming
decade. This demands extension and possibly a redesign of the known TCAD tools
for modeling the transport behavior in a given device down to sub-10 nm scale.
Many new aspects must be taken into consideration at these dimensions. For
example, the famous three-dimensional tri-gate architecture [2.341] employed by
Intel for the 22 nm and 14 nm technology nodes require fully three-dimensional
device modeling. The cutting-edge devices fabricated with the 14 nm process are so
small that the fluctuations of the number of dopants inside the channel alter their
characteristics significantly [2.282]. Even more, a particular positioning of an
impurity in the channel affects the current thus demanding TCAD to take this
randomness into account.

The first suggestion of a fully numerical transport description in a one-
dimensional bipolar transistor was available already in 1964 [2.311]. The approach
was further developed and extended to describe the carrier transport in PN-junctions
[2.288] and impact ionization avalanche diodes by Scharfetter and Gummel in 1969
[2.354]. The first application of a solution of the two-dimensional Poisson equation
to address electrostatics of metal-oxide-semiconductor (MOS) structures was per-
formed by Loeb [2.335] and Schroeder and Muller [2.355]. A simultaneous solu-
tion of the coupled continuity and Poisson equations to describe the transport in
junction gate field effect [2.325] and bipolar transistors [2.361] goes back to 1969.

Since the pioneering work on transport modeling numerical approaches have
been successfully developed and applied to practically all important devices
prompting the number of papers in the field to grow exponentially. Today modeling
of transport in modern ICs has matured into a well-established field with vast
commercial applications and intense software development. Numerous textbooks,
monographs, and reviews devoted to theoretical and computational aspects of
transport modeling in ICs are available. Not pretending to cover all the literature we
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would like to mention one of the first monographs [2.356], which addresses prac-
tically all aspects from modeling and discretization to applications, the textbooks
describing various semiclassical transport models [2.336] and modern quantum
mechanics-based approaches to electron transport [2.287], and a monograph
[2.363] investigating the role of mechanical stress to boost the performance of
modern MOSFETs.

As the development and maintenance costs of modern sophisticated TCAD
have increased significantly, only large semiconductor companies can afford to
support their own TCAD development team. Fortunately, there exist a fairly large
number of commercial TCAD software products available on the market, e.g.,
[2.360, 2.366], which serve most of the industrial demands. Numerous TCAD tools
developed at the universities have an advantage of being open-source licensed
software [2.316, 2.345, 2.368]. These tools gain their popularity due to the need of
multiscale approaches to simulations combining different levels of complexity and
precision. It makes these tools valuable not only for pure educational or research
purposes but also satisfies the demand from semiconductor manufacturing com-
panies for more refined simulations of complex phenomena. This urges a creation
of new successful spin-off companies, e.g., [2.26, 2.78], focusing on the develop-
ment and commercialization of specialized tools.

Regardless of the small transistor size, even today most TCAD tools are based on
semi-classical macroscopic transport models. The celebrated drift-diffusion transport
model has enjoyed an amazing success due to its relative simplicity, numerical
robustness, and an ability to perform two- and three-dimensional simulations on large
unstructured meshes [2.356]. However, with device size dramatically reduced and
new technology elements and materials introduced, the TCAD tools based on the
standard semi-classical transport description are becoming less accurate.

From the viewpoint of transport modeling in nanoscale transistors, the problem is
two-fold. First, with downscaling the driving field and its gradient increase dramati-
cally inside the short channel. As a result, the carrier distribution along the channel can
no longer be described by even a heated shifted Maxwellian distribution typically
assumed in current and energy transport. In order to properly account for the hot
carrier and non-local high-field effects, the drift-diffusion and even the energy trans-
port model have to be improved to incorporate higher-order corrections beyond the
heated Maxwellian in the carrier distribution function. This leads to a more compli-
cated and computationally involved macroscopic transport model equations set.

The second reason for semi-classical modeling tools to become inadequate is a
growing importance of quantum-mechanical effects, especially the under-the-bar-
rier tunneling which increases the leakage and causes parasitic power dissipation in
the off-state. The band-to-band quantum-mechanical tunneling is the phenomenon,
which defines the functionality of a TFET, the device with a potentially very steep
subthreshold characteristic. Although less pronounced in the on-state current due to
the averaging over many states at different energies involved in transport, the
quantum-mechanical effects are believed to play a role in determining the current
as the device size is getting comparable to the De Broglie electron wave length,
where the transport is becoming more ballistic. However, since the devices operate
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at room temperature, the carrier scattering in silicon-based FETs is still important
[2.348] and a crossover from diffusive to ballistic transport may occur at much
shorter channel lengths [2.300]. Therefore, an adequate transport model of an ultra-
scaled MOSFET must account for both quantum-mechanical effects and scattering
simultaneously.

In the direction perpendicular to transport the most important quantum-
mechanical effect is the quantization of carrier motion in the potential well. This
results in the formation of subbands described with the corresponding wave func-
tions. The subband wave functions nearly do not penetrate in the gate dielectric,
which results in the rapid decay of the corresponding subband charge densities close
to the gate–oxide interface. Classically, however, the charge density is character-
ized by the maximum value at the interface. As a consequence, the transport can no
longer be accurately described by the classical three-dimensional equations, and a
new description based on two- or even one-dimensional subbands in tri-gate
structures and FinFETs must be adopted. In addition, the subbands are characterized
by the transport effective masses which, apart from strain, depend strongly on the
channel orientation, and, most importantly, on the confinement strength.

Modern TCAD tools must be flexible enough to address challenges of the
upcoming technological changes due to the use of new materials and structures.
They have to describe properly transport in silicon and new channel materials
depending on strain and confinement and must be prepared to adequately address
the quantum-mechanical phenomena which are expected to determine the transport
properties in ultra-scaled CMOS and post-CMOS devices.

The electron spin attracts at present much attention as a possible candidate for
complementing or even replacing the charge degree of freedom in future devices.
The electron spin state is characterized by one of two of its possible projections on
a given axis and could be potentially used in digital information processing. In
addition, it takes an amazingly small amount of energy to invert the spin orienta-
tion, which is necessary for low power applications. The electron spin may also
point in any direction on a unit Bloch sphere, which opens new directions in storing
and processing information by initializing, manipulating, and detecting the spin
orientation. Therefore, the TCAD tools must be ready to help foreseeing and
guiding the future device development based on new principles of operation.

Without pretending to cover the large field of transport modeling research
here, we present several important examples and outline some difficulties and
challenges regarding the transport description in modern MOSFETs. We begin with
the semi-classical description of carrier dynamics inside the device and outline
methods to solve the Boltzmann equation. A particular emphasis will be put on the
inclusion of strain effects into the transport simulations. We also demonstrate how
the spin lifetime can be evaluated by methods similar to those employed for the
low-field mobility calculations. In ultra-scaled devices quantum-mechanical effects
start playing an important role. Different types of quantum potential and density
gradient corrections can be introduced. We conclude with briefly mentioning fully
quantum-mechanical approaches dealing with the dissipative quantum transport in
ultra-scaled devices.
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2.3.2 Drift-diffusion transport model
In order to analyze a semiconductor device under general operating conditions, a
mathematical model has to be formulated first. Regardless of the complexity of
carrier dynamics inside the semiconductor, two equations are the most important
ingredients of any particular model. These are the Poisson equation and the current
continuity equation [2.356]. The Poisson equation relates the carrier charge density
r to the electrostatic potential V as

rerV ¼ �r (2.49)

where e is the dielectric permittivity. The charge density is related to the electron n
and hole p via

r ¼ q p � n þ Cð Þ (2.50)

where q is the electron charge value and C is the concentration of fixed ionized
charges.

The continuity equation relates the charge current density

~j ~r; tð Þ ¼~jn ~r; tð Þ þ~jp ~r; tð Þ (2.51)

to the time derivative of the charge density q(p–n)

@ n � pð Þ
@t

¼ 1
q
r~j (2.52)

In case @C
@t ¼ 0 the electron and hole contributions are described by two separate

equations.

@n

@t
¼ 1

q
r~jn þ R (2.53)

@p

@t
¼ � 1

q
r~jp þ R (2.54)

Here R is the electron–hole generation-recombination rate.
In order to complete the formulation of the mathematical model at this level,

the system of these two equations must be supplemented with the current density
expressed via the electron and hole concentrations and the electric field. By
assuming a constant temperature in the device, the electron~jn and hole~jp current
densities can be, in the simplest form, written as

~jn ¼ qnmn
~E þ qDnrn (2.55)

~jp ¼ qpmp
~E � qDprp (2.56)

mn(p) is the electron (hole) mobility and Dn(p) is the electron (hole) diffusion
coefficient.
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The electron mobility and diffusion coefficient are material dependent. In
order to calculate their values an accurate description of the carrier dynamics in the
material is required.

Equations (2.49–2.56) form the framework of the transport description in the
drift-diffusion approximation. Although more accurate transport models have been
extensively developed, implemented, and used, the drift-diffusion-based simula-
tions continue to be mainstay. One reason is the relative simplicity of the model,
which allows obtaining timely yet accurate results [2.337]. Another reason is that
the drift-diffusion simulations are surprisingly predictive even in situations, where
they are not expected to work at all. Several examples [2.337], for which the drift-
diffusion provides amazingly good results, include the diffusion through a thin
base of a bipolar transistor near the ballistic limit and an emission-diffusion
theory through the Schottky barrier, which reproduces the Landauer theory. Even a
quasi-ballistic transient heat phonon transport can be well modeled with the
drift-diffusion model [2.337].

Although the drift-diffusion formalism can be applied to describe a wide range
of phenomena, it is instructive to understand the formal limitations of the approach
and ways to go beyond the approximations. We demonstrate the common gen-
eralizations of the drift-diffusion approximation by considering first the semi-
classical transport model and then transport models including higher moments of
the carrier distribution function.

2.3.3 Semi-classical transport and higher moments
transport models

An ensemble of classical particles is conveniently described by the single-particle
distribution function f ð~r;~k ; tÞ in phase space. The distribution function satisfies the
Boltzmann equation.

@f

@t
þ~v � rr f þ Svq

ℏ
~E � r~k f ¼ @f

@t

� �
coll

(2.57)

~v ¼ r~k Eð~kÞ is the carrier velocity.

The sign function sv distinguishes between negatively charged electrons,
sn ¼�1, and positively charged holes, sp ¼ 1. The right-hand side in (2.57) repre-
sents the collision operator due to phonons, impurities, interfaces, and other
scattering sources.

For realistic structures, a direct numerical solution of this equation by dis-
cretization of the phase space is computationally expensive. Therefore, the
Boltzmann transport equation is not solved directly in the TCAD tools. Usually an
approximate solution is obtained by using the method of moments of the distribu-
tion function. By defining the moments of the distribution function f ð~r;~k ; tÞ, one
consecutively obtains the drift-diffusion model [2.311], the energy transport model
[2.362], or the six-moments transport model [2.305].
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The drift-diffusion mode has several shortcomings, when it is applied to
miniaturized devices. Hot carrier effects can be partly addressed by a mobility
dependence on the driving field. However, non-local effects such as velocity
overshoot are completely neglected within the drift-diffusion approach. Higher-
order transport hydrodynamic model [2.285] and the energy transport model
[2.362] are designed to overcome some of these shortcomings. However, the
energy transport model tends to overestimate the non-local effects and thus the on-
current in a device. This also results in unacceptable errors in the hot carrier
induced gate tunneling current [2.299]. Another example is a particularly poor
description of transport in partially depleted SOI devices, where, because of the
overestimated hot carrier diffusion into the floating-body of the device, the energy
transport model fails completely in predicting the device characteristics [2.308–
2.310], and the application of transport models including higher-order moments is
required. The six-moments transport model includes additional information about
the shape of the distribution function and is predestine to overcome the above-
mentioned limitations [2.305, 2.307, 2.308, 2.329].

The derivation of the transport models is based on equations of the moments-
statistical averages as

h~Fi ¼ 1
4p3

ð
~F ~k

 �

f ~r;~k ; t

 �

d3k (2.58)

where h~Fi is a weight function in~k space. In order to derive a particular model, the
following weight functions are considered.

F0 ¼ 1; F2 ¼ E ~k

 �

; F4 ¼ E2 ~k

 �

~F1 ¼ ℏ~k ; ~F3 ¼~vE ~k

 �

; ~F5 ¼~vE2 ~k

 � (2.59)

Here an isotropic parabolic dispersion Eð~kÞ ¼ ~k
2

mv
with the effective mass mv

is assumed; however, a generalization to non-parabolic energy band dispersions
is straightforward [2.303]. Taking the moment of the Boltzmann equation gives the
following general moment equation

@h~Fji
@t

þr~r � h~v 
 ~Fji � svq~E � hrp 
 ~Fji ¼
ð

d3k~Fj
@f

@t

� �
coll

(2.60)

where 
 denotes the tensor product. In order to obtain a closed set of equations for
moments several approximations have to be introduced. One is concerned with the
moments of the scattering integral, which are frequently approximated using a
macroscopic relaxation time expression.

ð
d3k~Fj

@f

@t

� �
coll

ffi �h~Fji � h~Fji0

tF
(2.61)
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The distribution function can be split into a symmetric and an antisymmetric
part, where the symmetric part of the distribution function depends only on the
absolute value of ~k .

f ~k

 �

¼ fS

		~k 		
 �
þ fA ~k


 �
(2.62)

The carrier concentration v, the carrier temperature Tv, the current density ~J ,
the energy flux density ~S , the ‘‘second-order’’ temperature Qv, the moment of the
sixth order M6, and the flux ~K v (related to the kurtosis of the distribution) are
defined by

r �~J v ¼ �svq
@v

@t
þ Rv

� �
(2.63)

r �~Sv ¼ �C4
@ vTvð Þ
@t

þ~E �~J v � C4v
Tv � TL

tE kð Þ
þ GE kð Þv (2.64)

r � ~K v ¼ �C5
@ vTvQvð Þ

@t
þ 2svq~E �~Sv � C5v

TvQv � T2
L

tQ
þ GQv (2.65)

C4 ¼ 3
2

kB;C5 ¼ 15
4

k2
B (2.66)

The system of balance equations for the densities is completed with the
equations for fluxes

~J v ¼ �C1 r vTvð Þ � sv
q

kB

~Ev

� �
;C1 ¼ svkBmv (2.67)

~Sv ¼ �C2 r vTvQvð Þ � sv
q

kB

~EvTv

� �
;C2 ¼ 5

2
k2

B

q

tS

tm
mv (2.68)

~K v ¼ �C3 r vM6ð Þ � sv
q

kB

~EvTvQv

� �
;C3 ¼ 35

4
k3

B

q

tK

tm
mv (2.69)

where the mobility mv is defined as

mv ¼
qtm

mv
(2.70)

We note that generation-recombination terms may depend on both electron and
hole distribution functions in an integral, non-local manner [2.356], which makes
the task of solving the corresponding equations extremely difficult. Therefore,
generation-recombination terms have to be modeled carefully using knowledge
from solid-state physics of semiconductors, which may represent a significant
challenge [2.306].

Let us now derive the hierarchy of TCAD transport models. The drift-diffusion
transport model consists of the continuity equations (2.63) and the current relations
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(2.67). The latter is decoupled from the higher-order equation by introducing a
closure assumption for the second order moment

Tv ¼ TL (2.71)

The physical meaning of this assumption is that the carrier gas is in equili-
brium with the lattice. The energy transport model additionally takes into account
the carrier energy balance equation (2.64) and the energy flux equation (2.68). To
close the system of equations, an assumption on the fourth-order moment has to be
introduced. The assumption of a heated Maxwellian distribution for the symmetric
part of the distribution function gives the closure relation

Qv ¼ Tv (2.72)

Going one step further in the model hierarchy, the balance equation for the
average squared energy (1.16) and the related flux equation (2.69) are added. To
close the equation system, the moment of sixth-order M6 has to be approximated
using the lower-order moments. An empirical closure relation that accounts for the
‘‘second-order’’ temperature Qv is the best choice [2.304].

M6 ¼ T3
v

Qv

Tv

� �c

(2.73)

From MC simulations, which are an accurate reference, the value of c ¼ 2.7
has been estimated [2.302] for the simulation of miniaturized MOSFETs. Com-
pared to the energy transport models, the six-moments model requires two addi-
tional relaxation times, namely, the relaxation time of the second-order temperature
tQ and the kurtosis flux relaxation time tK. Since analytical models for these new
parameters are not available, tabulated values obtained from bulk MC simulations
[2.302] can be used.

2.3.3.1 Deterministic solution of the Boltzmann transport equation
In order to evaluate the accuracy of the transport models the solution of the
Boltzmann transport equation for the distribution function with subsequent calcu-
lations for the moments and the current density is required. The current density
obtained with this method, as an integral of the velocity with the distribution
function, is free from the assumptions used to close the set of the equations for the
moments and fluxes, and can be used for benchmarking the transport models.

With computers getting more powerful, a deterministic numerical solution of
the Boltzmann equation for the distribution function can be found by expanding the
angular dependence of the distribution function f ð~r;~kÞ on~k using a complete set of
spherical harmonics Ylm(q, f).

f ~r;~k

 �

¼
X

lm
flm ~r;~k

 �

Ylm q;fð Þ (2.74)

q and fare the polar angles between the electric field ~E and~k . In the low-field limit
one can truncate the expansion (2.74) after the terms with l ¼ 1. Importantly, this
truncation results in a drift-diffusion transport model for the current under the
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assumptions of parabolic isotropic bands and randomizing elastic scattering. It
turns out that in silicon, where the valleys are anisotropic, this approximation gives
good results [2.313] in the limit of a weak electric field.

For general scattering processes and realistic band structures as well as at
higher driving fields, more terms in the expansion (2.74) are required [2.349];
however, a limited number (less or around ten) of spherical harmonics is needed to
achieve good accuracy. Because the angular dependence is accounted for by a
small number of harmonics, the number of discretization points in momentum
space is reduced with respect to the full three-dimensional discretization procedure.
This speeds up the computation significantly.

The knowledge of the distribution function allows evaluate numerically all the
moments and fluxes needed for the formulation of the TCAD transport models.
Although typically requiring more computer resources and longer simulation time
than corresponding TCAD simulations, the deterministic solution of the Boltzmann
equation by using the spherical harmonics expansion is essential in verifying the
accuracy of the TCAD transport models.

Current–voltage characteristics computed with the spherical harmonic expan-
sion method and using the macroscopic transport models based on the moments of
the distribution function are shown in Figure 2.76. It is demonstrated that for a
short-channel device the drift-diffusion model underestimates the current. Indeed,
since the carrier temperature is assumed constant, the drift-diffusion model cannot
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Figure 2.76 I–V characteristics computed with the drift-diffusion (DD), energy
transport (ET), six moments (SM) transport models, and with the
spherical harmonic expansion method. The six-moments model gives
results closest to the results of the spherical harmonic expansion
method
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account for the non-local effects inside the short-channel device properly. Thus, for
short devices the restriction of constant carrier temperature must be relaxed.

When the temperature is not constant, a temperature gradient causes heat flow
and thermal diffusion appears. The drift-diffusion transport model must be aug-
mented to allow the energy flow. The energy transport model additionally takes
into account the energy flux and the carrier energy balance. The model, however,
overestimates the drive current. Figure 2.77 illustrates the average velocity profile
in a 40 nm long channel. The drift-diffusion model underestimates the average
velocity, while the energy transport model overestimates it. In order to reduce this
spurious velocity overshoot effect the next moments should be included for devices
with Lch shorter than about 40 nm. This is accomplished by introducing a transport
model of sixth order. Balance equations for the average squared energy and the
related flux are added. To close the equation system, the moment of sixth order has
to be approximated by using the lower order moments (2.73).

The inclusion of higher moments improves the quality of the transport model
significantly. The current–voltage characteristics are reproduced fairly well even
for a short device as shown in Figure 2.76, because of the more accurate results for
the averaged velocity (Figure 2.77). The solution of the Boltzmann equation is
required in describing transport and hot carriers effects in power devices at very
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Figure 2.77 Average velocity along a device with 40 nm channel length computed
with the macroscopic transport models and with the spherical
harmonic expansion method. While the drift-diffusion model
underestimates the velocity and current, the energy transport model
overestimates the velocity in short-channel devices. The six-moments
model gives best results as compared to the velocity obtained by the
spherical harmonic expansion method
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high-applied voltages, when even the use of the six-moments transport model may
become insufficient.

The energy transport model requires knowing the mobilities for the current
density and the energy flux, for each carrier type, one relaxation time, and the non-
parabolicity factor for non-parabolic bands as the material parameters. The six-
moments model requires two additional relaxation times for the second order
temperature and the kurtosis flux. Having too many adjustable parameters is a
particular inconvenience of the six-moments model. Solving the Boltzmann trans-
port equation using the spherical harmonics expansion method or an MC algorithm
usually tabulates these parameters. The parameter dependences on temperature,
doping, and the electric field are determined from the conditions that the six-
moments transport model mimics exactly all the moments obtained from the MC
simulator under homogeneous conditions. The full-band MC method of the solution
of the Boltzmann equation is required, when the band structure is strongly non-
parabolic and is known only numerically.

We present an example of the mobilityevaluation instressedsilicon where the band
structure depends on strain in a complex manner. Alternatively, a Kubo-Greenwood
approach can be applied to find the low-field mobility [2.298] as we show later on an
example of ultra-thin silicon films with stress. The Kubo-Greenwood method can also
be used to evaluate the electron spin lifetime and its dependence on strain.

2.3.3.2 Monte Carlo methods for the Boltzmann
equation solution

Methods based on MC techniques are well established for studying transport in
semiconductors [2.317]. The motion of charge carriers is simulated in the appropriate
phase space formed by position and momentum. In the presence of external fields, the
carriers which are considered as point-like objects with well-defined positions and
momentum move according to Newton’s law on classical trajectories. A dispersion
relation expressing the carrier energy dependence on the crystal momentum is deter-
mined by the band structure. The free flight of carriers along the trajectory is inter-
rupted by scattering events, which are assumed local in space and instantaneous in
time. Scattering is modeled as a random process. The duration of a free flight, the type
of scattering mechanism, and the state after the scattering are selected randomly from
the given probability distributions characteristic to the microscopic scattering pro-
cesses [2.314, 2.320, 2.339, 2.352]. The method of generating sequences of free flights
and scattering events appears to be so intuitively transparent that it is frequently
interpreted as a direct emulation of the physical transport process rather than a
numerical method. For these reasons the MC methods of transport evaluations are
quite time consuming. Being statistical by nature, the method provides an error
inversely proportional to the square root of the total number of scattering events. The
MC method for solving the Boltzmann transport equation can be useful when the
deterministic solution is too expensive, as in strained silicon.

Mathematically one can reformulate the transport equation as an integral equation
and then develop an MC algorithm for its solution [2.319, 2.343]. When the
Boltzmann equation is transformed to an integral equation, which is then iteratively
solved [2.319], the iteration series results in the MC backward technique. This
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algorithm is useful, if rare events have to be simulated or the distribution function is
needed only in a small phase space domain [2.328]. If the Boltzmann equation is
reformulated in an adjoin integral form [2.326], a link between the physically based
MC method and the iterative procedure of the solution of the integral equation is
established.

Already in 1966 Kurosawa [2.332] applied the MC method to high-field
transport in semiconductors. In References 2.292 and 2.293 GaAs and Ge were
studied, correspondingly. In the mid-1970s a physical model capable of explaining
the major macroscopic transport characteristics in silicon was developed [2.286,
2.318]. Considerable improvement of the method and application to a variety of
materials was reported in Reference 2.317.

With an increase of the carrier energy the need of an accurate energy band
structure description has been realized [2.297, 2.331, 2.358, 2.372]. For electrons in
silicon, the most thoroughly investigated case, the ‘‘standard model’’ [2.295],
provides a description of all scattering mechanisms. Transport analyzes considering
the accurate band structure were performed in [2.296, 2.298, 2.323].

2.3.4 Stress- and orientation-dependent mobility in silicon
To compute the low-field electron mobility in strained Si, one can use the VMC
simulator [2.369]. It includes a comprehensive set of scattering models with phonons,
ionized impurities, alloy scattering, as well as impact ionization for both electrons and
holes.

For electrons in n-silicon, a phonon-scattering model based on Jacoboni and
Reggiani [2.320] is used. The model takes into account long-wavelength acoustic
phonons causing intravalley transitions as well as optical phonons triggering
intervalley transitions. Intravalley scattering is treated as an elastic process. Fol-
lowing [2.289] we adjusted the original values for the coupling constants for
intervalley phonon scattering to achieve a bulk mobility enhancement factor of
70% in biaxially strained silicon layers. The coupling constants for acoustic and
optical intervalley phonons, as well as the phonon energies are listed in Table 2.5.
In full-band simulations the scattering rates are proportional to the density of states
calculated from the band structure [2.323].

Figure 2.78 demonstrates the orientation-dependent electron mobility enhance-
ment factor for tensile stress applied in [111] direction obtained from the full-band
MC simulations.

Table 2.5 Modes, coupling constants, phonon energies, and selection rule of
inelastic phonon scattering

Mode D (MeV/cm) ℏw (meV) Selection rule

Transverse acoustic 47.2 12.1 f
Longitudinal acoustic 75.5 18.5 f
Longitudinal optical 1042.0 62.0 f
Transversal acoustic 34.8 19.0 g
Longitudinal acoustic 232.0 47.4 g
Transversal optical 232.0 58.6 g
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The current direction is defined by the unity vector n̂:

n̂ ¼ cos QþF0ð Þffiffiffi
2

p ;
cos QþF0ð Þffiffiffi

2
p ; sin QþF0ð Þ

� �
(2.75)

where F0 � 36o is the angle between [111] and [110] directions. The angle Q
determines the current direction in the plane defined by the [111] and [110] axes
and is counted from the [111] direction. Results of the full-band simulations
coincide well with an analytical model for the mobility described below.

Stress along the [111] direction does not produce a relative energy shift
between the valleys and thus affects all six valleys in a similar way. The mobility of
an ellipsoidal valley in an arbitrary orientation n̂ with respect to the crystal-
lographic coordinate system is determined by the inverse of the conductivity mass
1/mn along this direction computed as

m�1
n ¼ n̂T m̂�1 hð Þn̂ (2.76)

where m�1 hð Þ is the inverse effective mass tensor for the valley in the crystallographic
system. h¼ 2Dexy/D is a dimensionless strain with D¼ 14 eV being the shear strain
deformation potential, exy the shear strain component, and D¼ 0.5 eV [2.363].
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Figure 2.78 Orientation-dependent electron mobility variation in silicon under
tensile stress along [111] direction, for several stress values. Results
of full-band MC are well explained by the dependence of the effective
masses on shear strain. Note the mobility degradation at high stress
values caused by an increase of scattering due to the stress-
dependent increase of the density-of-states mass
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Taking into account the dependence of the density-of-state effective mass

mdos hð Þ ¼ ml hð Þ � mt1 hð Þmt2 hð Þ½ �13 on dimensionless strain h, the mobility depen-

dence on [111] strain in a direction n̂ is obtained as

m h; n̂ð Þ
m0

¼ mc

mn

mdos

mdos hð Þ
� �3

2

(2.77)

m0 is the mobility of relaxed silicon, mc ¼ 3 1
ml
þ 2

mt


 ��1
, and ml ¼ 0.91m0 and

mt ¼ 0.19m0 are the longitudinal and transversal effective masses. The analytical
curves for the mobility dependence on n̂ in silicon in Figure 2.78 are obtained by
substituting in (2.77) the strain-dependent longitudinal and transversal masses mt1

(h), mt2(h), and ml (h). For the [001] oriented valleys the dependences are [2.363]
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1 � 1
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8><
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sgn(h) denotes the sign function.

2.3.5 Mobility in ultra-thin body of strained SOI transistors
In thin silicon films the three-dimensional band structure splits into a number of
two-dimensional subbands. A special subband MC method has to be implemented
in order to evaluate the transport properties. Fortunately, to find the low-field
mobility it is not necessary to run the MC simulations. Instead, following the Kubo-
Greenwood approach [2.298], one can linearize the Boltzmann transport equation
with respect to the proportionally small electric field and perturbation to the dis-
tribution function and obtain an approximate expression for the mobility

m ¼ q
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ns ¼
P

i ni, ni is the population of the subband i, and t(i) is the scattering rate in the
i-th subband. It turns out that the mobility value evaluated in this simplified way
coincides well with the one computed with the help of full quantum-mechanical
non-equilibrium Green’s function-based solvers employed to study transport in
14 nm FDSOI structures [2.366].

Scattering mechanisms are the most important physics ingredients determining
the relaxation rates. The interface between silicon and oxide plays an important role
in determining carrier transport. Small perturbations at the interface contribute to
scattering. In ultra-thin films the importance of surface-roughness scattering
increases due to the presence of two interfaces. The surface-roughness momentum
relaxation rate is calculated after [2.298] as
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~k i and ~k j are the in-plane wave vectors before and after scattering, j is the angle
between~k i and~k j, e is the dielectric permittivity, L is the autocorrelation length, D
is the mean square value of the surface-roughness fluctuations, Yi~k i

and Yj~k j
are the

wave functions, f ~E
� �

is the Fermi function, and s¼þ/�1 is the spin projection to
the [001] axis.

The momentum scattering relaxation rate is calculated as
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where the phonon velocity vPH ¼ 2vTAþ2vLA
3 [2.320], and the deformation potential

MPH ¼ 12 eV [2.346].
The electron mobility enhancement along tensile stress in [110] direction is

shown in Figure 2.79 as a function of the shear strain component. The mobility in
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thin silicon films at high stress increases by a factor of two as compared to its value
in relaxed structures. The increase depends on the electron concentration and the
film thickness. A strong mobility increase is observed up to 0.5% shear strain with
a further saturation at higher strain value.

The mobility enhancement in silicon was previously explained by the effective
mass reduction. However, the effective mass decrease only accounts for roughly
one half of the mobility enhancement and cannot explain the two-fold mobility
enhancement. Another contribution is the usually ignored dependence of the scat-
tering matrix elements on strain. The electron–phonon scattering matrix elements
do not display any substantial dependence on strain. On the other hand, the surface-
roughness scattering matrix elements decrease strongly at higher strain values and
account for the missing part in the mobility enhancement. As the total mobility is
due to a combination of the surface-roughness and electron–phonon scattering
limited mobilities, with the surface-roughness contribution becoming more pro-
nounced in narrow structures, the total mobility enhancement is stronger in thinner
films, in complete agreement with the simulations in Figure 2.79.

2.3.5.1 Spin lifetime enhancement in strained silicon films
The electron spin is another intrinsic physical characteristic of charge carriers in
semiconductors. When injected into a non-magnetic material, the electron spin
diffuses away from the spin accumulation region. In contrast to the electron charge,
while diffusing the electron spin also relaxes toward its equilibrium value, which is

L = 2.10 nm, Ns = 2.59.1012 cm–2
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Figure 2.79 Electron mobility enhancement as a function of shear strain for two
different film thicknesses at 300 K
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zero. The spin relaxation is characterized by the characteristic spin lifetime. In
silicon the spin-flip scattering processes cause the spin relaxation. The small but
finite probability to flip the spin after scattering is due to the fact that the wave
function of an injected electron with a fixed spin projection is not the eigenfunction
of the Hamiltonian because of the presence of the spin–orbit interaction. Therefore,
to describe spin relaxation, it is necessary to know the spin-flip scattering rates and
the spin–orbit interaction or, to be more specific, the wave functions in the presence
of the spin–orbit interaction.

The spin-flip scattering rates due to the surface roughness and the electron–
phonon interaction scattering are obtained in a way similar to the relaxation rates
(2.82, 2.83) in the previous section [2.346]. The wave functions needed for the
evaluation of the scattering matrix elements are obtained within the~k �~p formalism
[2.364]. For the conduction band valleys along [001] direction relevant to describe
the properties in (001) silicon films, the corresponding Hamiltonian written in the
vicinity of the X-point at the Brillouin zoned edge is

H ¼ H1 H3

Hy
3 H2

� �
(2.84)

where H1, H2, and H3 are written as
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H3 ¼
Dexy � ℏ2kxky
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2
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Here, exy denotes the shear strain component, M�1 � m�1
t � m�1

0 , D ¼ 14 eV is
the shear strain deformation potential, mt and ml are the transversal and the long-
itudinal silicon effective masses, k0 ¼ 0.15X2p/a is the position of the valley
minimum relative to the X-point in unstrained silicon, and U(z) is the confinement
potential.
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The spin–orbit term ty 
 DSO kxsx � kysy

� �
with [2.333]

DSO ¼ ℏ2
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		X20 i
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					 (2.88)

couples the states with the opposite spin projections from the opposite valleys. In
the perturbation theory expression for DSO En is the energy of the nth band at the
X-point, EX is the energy of the two lowest conduction bands X1 and X2

0 degenerate
at the X-point, ~p is the momentum operator, V is the bulk crystal potential, sx, sy,
and sz are the spin Pauli matrices, ty is the y-Pauli matrix in the valley degree of
freedom, and c is the speed of light.

Strain and confinement are lifting the four-fold degeneracy of the nth
unprimed subband by forming an nþ and n� subladder (the valley splitting). The
degeneracy of the eigen states with the opposite spin projections n � *
and n � +within each subladder is preserved so that the wave function with an
arbitrary spin projection can be constructed. When the spin injection direction is
fixed, the degenerate states satisfy

h* n � f n � +i ¼ 0jj (2.89)

with the operators defined as

f ¼ cos qð Þsz þ sin qð Þ cos jð Þsx þ sin jð Þsy

� �
(2.90)

where q is the polar and j is the azimuthal angle defining the orientation of the
injected spin. Due to the spin–orbit interaction, the expectation value of the
operator f computed between the wave functions from different subladders is non-
zero

f ¼ h* n � fj jn � +i 6¼ 0 (2.91)

In the two valleys’ plus two spin projections’ basis the subband wave functions
possess four components. These wave functions are written as (kx ¼ 0)
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jn � + and jn � * are the up- and down-spin wave functions for the first (second)
subband. Wave functions with opposite spin in the same valley are orthogonal.
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When the spin is injected along [001] direction, the dominant components are Y1,1

and Y2,2 for jn � + and jn � *, respectively.
The small components of the wave functions are due to the spin–orbit inter-

action and thus proportional to the spin–orbit interaction strength. Shear strain exy

considerably suppresses these components as shown in Figure 2.80. Indeed, Y1,2

for a strain value of 1% has almost vanished. Vanishing values of the small com-
ponents reduce the spin mixing between the states with opposite spin projections,
which results in longer spin lifetime. A significant spin lifetime increase in a silicon
film under strain is shown in Figure 2.81. In contrast to the mobility, which is only
enhanced by a factor of two, the spin lifetime increases almost exponentially by
orders of magnitude. This makes silicon films perfectly suited for spin inter-
connects as uniaxial stress is now routinely used by the semiconductor industries to
boost the MOSFET performance.

2.3.6 Quantum and quantum-corrected transport models
Quantum-mechanical effects influence the characteristics of modern semiconductor
devices. Due to this fact, purely classical device simulation may not be sufficient to
accurately reproduce all the details of transport. Size quantization of carrier motion in
the confining potential of an inversion layer is the most investigated quantum-
mechanical effect in modern MOSFETs. Because of the size quantization, the energy
spectrum becomes discrete in the confinement direction, while it is still continuous
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Figure 2.80 Spin–orbit interaction induced components of the wave function in
relaxed film and in a film with 1% shear strain. The components
are significantly reduced with strain
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along the transport direction. The three-dimensional energy band structure is parti-
tioned into a set of two-dimensional subbands. In order to find the subband energy
levels and the corresponding wave function, the Schrödinger equation has to be solved.

The potential entering the Schrödinger equation depends on the charge carrier
density in the inversion layer. By knowing the wave functions and occupations of
the subbands, the charge carrier concentration in the inversion layer can be
obtained. Therefore, the potential has to be determined self-consistently by solving
the Schrödinger equation and the Poisson equation simultaneously. This procedure
is time-consuming and should be avoided whenever timely results must be
obtained. One option is to exploit the well-established semi-classical transport
models, while correcting them in such a way that they mimic the quantum-
mechanical behavior [2.291, 2.312, 2.324, 2.344, 2.347].

The quantum correction that mimics the local density of states close to the
interface can be interpreted as an additional quantum potential [2.294], which has
to be added to the classical self-consistent potential in order to describe the
decrease of carrier concentration at the interface correctly. Because this additional
quantum potential enters into the current relations, it opens an opportunity to
introduce quantum-mechanical effects into the drift-diffusion- and higher
moments-based transport models. In fact, the appearance of the quantum potential
can be easily illustrated, if one just substitutes the wave function represented as the
product of the real amplitude and the exponent containing the phase factor

y ~r; tð Þ ¼ A ~r; tð Þexp if ~r; tð Þð Þ (2.93)
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Figure 2.81 Spin lifetime enhancement by shear strain for T ¼ 300 K, the film
thickness t ¼ 2.1 nm
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into the Schrödinger equation. The density n ~r; tð Þ ¼ A2 ~r; tð Þ, the velocity

v ¼ ℏr f ~r ;tð Þ
m , and the current~j ¼ n~v are introduced and one obtains the following

two equations [2.368]:

@n ~r; tð Þ
@t

þr n ~r; tð Þ~v½ � ¼ 0 (2.94)

@~v
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¼ r � v2

2
þ q

m
V ~r; tð Þ þ VQC ~r; tð Þ

� �
(2.95)

Here, the additional quantum correction potential VQC ~r; tð Þ is given by the
following expression

VQC ~r; tð Þ ¼ ℏ2

2m2

D
ffiffiffi
n

pffiffiffi
n

p (2.96)

The form of the quantum potential (2.96) is commonly referred to as the
density gradient correction and is extensively used in quantum hydrodynamic cal-
culations [2.278, 2.281]. The expression for the current density including the
quantum correction reads [2.283]:

~J ¼ qmn~E þ qDrn � mn
ℏ2

2mr
rD

ffiffiffi
n

pffiffiffi
n

p (2.97)

Here an additional parameter r 
 1 is introduced.
Substitution of the current relation (2.97) into the continuity equation (1.41)

results in a differential equation for the particle concentration n of fourth order.
Such an equation needs two boundary conditions. If one considers the interface
between the semiconductor and the dielectric, the first boundary condition is the
standard one to set on the normal derivative of the concentration to zero required by
the absence of the normal current component at the interface. The second boundary
condition allows set the carrier concentration to zero at the interface simulta-
neously. Thus, the quantum drift-diffusion theory based on (2.97) supplemented
with the corresponding boundary conditions automatically reproduces the con-
centration decrease at the interface, mimicking the quantum-mechanical behavior.
A review of quantum hydrodynamic models is given in, e.g., Reference 2.322.

For numerical transport calculations it is convenient to avoid the discretization
of the fourth order equation and to include the quantum potential correction term
into a generalized electro-chemical potential [2.283]. After a careful calibration of
the resulting density gradient model the transport calculations including source-
drain tunneling in ultra-scaled MOSFETs becomes possible [2.283]. The density
gradient formalism is successfully used for handling discrete charges in drift dif-
fusion ‘‘atomistic’’ simulations [2.301]. It enables the comprehensive statistical
investigation of the effects associated with charge trapping on the defects in a wide
range of doping values for 20 nm CMOS bulk and 14 nm FinFET transistors
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[2.277]. To justify the approach, an accurate calibration to the experimental data is
required. A comparison with more sophisticated transport models is also needed.

An approach capable of handling both the quantum coherent propagation and
dissipative scattering is based on the Wigner function formalism. The Wigner
function is defined as the density matrix in a mixed coordinate/momentum repre-
sentation [2.330, 2.371]. A practically used approximation to incorporate realistic
scattering processes into the Wigner equation is to utilize a properly adapted
Boltzmann scattering operator [2.327]. In this way well-established scattering
models already calibrated within semi-classical transport approaches can be
employed in quantum transport calculations. The inclusion of dissipation through
the Boltzmann scattering operator, although intuitively appealing, raises some
concerns about the validity of such a procedure. The Boltzmann scattering operator
is semi-classical by its nature and represents a good approximation for sufficiently
smooth device potentials.

The kinetic equation for the Wigner function is similar to the semi-classical
Boltzmann equation, except for a non-local quantum potential term. In the case of a
slowly varying potential this non-local term reduces to the local classical force
term, and the semi-classical description given by the Boltzmann equation is
obtained from the Wigner equation. This semi-classical limit of the Wigner trans-
port equation allows link a semi-classical description of the extended contact
regions with the quantum-mechanical description of the active region of a device
using the same formalism [2.327].

Implementations of MC methods for solving the Wigner equation have been
reported, e.g., [2.342, 2.359]. Recent advances in solving the Wigner transport
equation by MC methods are reviewed in Reference 2.357.

To account for scattering more rigorously, spectral information has to be
included in the Wigner function formalism, resulting in energy dependence in
addition to the momentum dependence [2.338]. The non-equilibrium Green’s
function method addresses the quantum transport problem in a most consistent and
complete way. However, the method is computationally complex. Scattering
requires the knowledge of the corresponding self-energies and thus complicates
computations significantly [2.364]. The self-consistent Born approximation for the
self-energy is an extremely time consuming but necessary step, because it guar-
antees current continuity. The convergence of the self-consistent iteration is a cri-
tical issue, where fine resonances at some energies have to be resolved accurately
[2.321, 2.351]. For that purpose an adaptive method for selecting the energy grid is
essential [2.321, 2.351].

Nowadays atomistic quantum transport simulators designed for ultra-scaled
CMOS and beyond CMOS device simulations are available, e.g., [2.340, 2.353].
They allow not only to compute the electron transport by using the material-
dependent atomic parameters and scattering but even to obtain the parameters and
currents from the first-principle density-functional calculations with specially
designed exchange correlations [2.284]. Being able to accurately study realistic
ultra-scaled devices these methods, however, are computationally demanding, as
they require using several interacting complex simulation tools.
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2.4 Alternative materials and device structures

2.4.1 Introduction
At the beginning of the twenty-first century, the International Technology Roadmap
for Semiconductors has been accelerating the introduction of new and diverse
technologies to extend the CMOS fabrication technology into nanoscale MOSFET
structures [2.373]. Since then, rather than replacing CMOS the new materials and
devices have been combined with a CMOS platform to extend microelectronics to
new applications domains not accessible at that time to CMOS technology alone
[2.374]. However, device cost and performance will continue to be strongly corre-
lated to dimensional and functional scaling of CMOS as information processing
technology is driving the semiconductor industry into a broadening spectrum of new
applications according to 2013 ITRS [2.375]. Not only the continuation of the
Moore’s Law is the driver for the search of new materials, in the early 2000s was
invented the term More than Moore (MtM) to stress the fact that the value of a
packaged system doesn’t rely only on the performance of the CMOS technology for
the digital information processing, but also on diversified technologies which doesn’t
necessarily perform better through a dimensional scaling. MtM is the other facet of
the microelectronic products complementing the digital part of the integrated sys-
tems. More specifically the MtM approach allows for the non-digital functionalities
of a product – which do not necessarily scale according to Moore’s Law, but provide
additional value in different ways – to migrate from the system board-level into the
package (SiP) or onto the chip (SoC) [2.376]. As it is pointed in the 2013 ITRS,
because the More than Moore domain is multidisciplinary, involving expertise from
many different areas, such as electrical and mechanical engineering, materials sci-
ence, biology and medical science, the search of new and compatible materials with
the silicon fabrication technology is now a short-term goal that needs to be fulfilled.

Strained silicon, high-k dielectrics, metal gate, multigate transistors, Ge, SiSe,
and II-V semiconductors are now used in IC manufacturing based on the promise of
high mobility. All of these triggered the emerging research on completely new
transistor operating and new materials. Nanoelectronics is now the common place
for the future of the ICs. With a mix of chemistry, physics, biology, and engi-
neering, nanoelectronics may provide a solution to increasing fabrication cost and
may allow ICs to be scaled beyond the limits of modern transistors [2.377]. How-
ever, the fabrication methods that this approach requires are still waiting for a
breakthrough for its implementation in mass production. Nevertheless, the devices
that that will be used in the nanoelectronic circuits as well as the new materials to
build them are being developed and, among the most popular proposals we can
mention the following:

Carbon nanotube (CNT). Are cylindrical carbon molecules that exhibit
unique and interesting physical properties including current carrying ability, long
ballistic transport length, high thermal conductivity, and mechanical strength
[2.378]. The carbon nanotube field-effect transistor (CNFET) is one possible can-
didate for future high-performance nanoelectronics, because it has near ballistic
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transport at room temperature, tight electrostatic control on its 1D channel, which
provides superior speed and reduced SCEs, as a consequence, it may enable further
downscaling [2.379]. By developing noise and manufacturing process variability to
the Stanford CNFET compact model in reference the authors predicted that the
CNFET devices would outperform Si-CMOS in RF applications in terms of the
requirements of the International Technology Roadmap for Semiconductors.
However, the current fabrication technology for CNFET are still affected by sev-
eral shortcomings, it is not possible to provide exact control over CNT diameter
and doping, or the removal of tubes with metallic behavior [2.380].

Graphene. Since its discovery in 2004 [2.381], it has been proposed as repla-
cement for silicon in MOSFET for high-frequency applications mainly because its
high field effect mobility (close to 10,000 cm2/Vs at room temperature) [2.382].
Graphene is a two-dimensional material with sp2 structure that has many excellent
physical properties such as extremely high intrinsic carrier mobility, ultra-thin
body, long mean-free-path, great thermoelectric property and stability. An excel-
lent summary of the physics, chemistry and engineering of this marvelous material
may be found in Reference 2.383. Graphene also suffers from major drawbacks; the
most prominent is that is a zero band gap material, which results in small on/off
current ratio and no stable saturation region in the output characteristics of tran-
sistors made on this material [2.384]. Nevertheless, the search of a graphene FET
has not ended but up to this time, they appear with a high off-state leakage current
and lack of drive current as a consequence of the gapless band structure. Among all
the strategies for producing Graphene, CVD on transition metals substrates seems
to be the most promising approach to produce large area and inexpensive materials.
In spite of all the developments in the deposition of graphene, there still important
challenges to be solved [2.385]: First of all, synthesizing graphene with large and
controlled grain size would be very important for various electronic applications.
For instance, is it possible to grow single-grain graphene of centimeter or even
wafer scale size? Second, controlling the number of layers and stacking order of
graphene is also very important, as bilayer and trilayer graphene may offer func-
tions and properties different from monolayer graphene. In addition, growing gra-
phene directly on insulating substrates such as Si/SiO2 and h-BN would help to
overcome the quality degradation caused by the transfer process. Furthermore, low
temperature graphene growth will be attractive to reduce the cost and may enable
the direct growth on flexible polymer-based substrates. From the aforementioned,
one of the possible route for graphene devices is to complementarily integrate them
with the CMOS ICs or systems in order to supply more functionality to the silicon
technology as an active element in the MtM area. In this respect Huang [2.386] has
demonstrated the integration of a graphene Hall sensor with the CMOS amplifier in
a silicon chip. So far this is tone of the approaches for incorporating graphene to the
silicon mainstream technology and for building system in package.

Nanowires (NW). Semiconductor NWs have attracted considerable attention
because its improved electrostatic control in the cylindrical geometry by using wraps
gates [2.387], and because they offer the possibility have including heterostructures
in transistor design [2.388]. Although many different types of semiconductor NW
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have been investigated, silicon NWs have become prototypical NWs because they
can be readily prepared, the Si/SiO2 interface is chemically stable, and Si NWs
are utilized in a number of device demonstrations that have well-known silicon-
technology-based counterparts [2.389]. The Si nanowire FET (SiNWFET) has
already been demonstrated in continuing with the scaling of the transistor and, seems
to be a better alternative than the CNFET because it always is a semiconductor
independently of the diameter. When used for FET fabrication they have demon-
strated, by comparing it with a SOI FET scaled to the NW dimensions that the
SiNWFET has larger on-state current and the average subthreshold slope approaches
the theoretical limit and the average transconductance is up to ten times larger
[2.390]. In particular epitaxially grown silicon (Si) NWs are considered as promising
candidates for post-CMOS logic elements owing to their potential compatibility with
existing CMOS technology. One major advantage of vapor-liquid-solid (VLS)
grown NWs compared to top-down fabricated devices is that they have well-defined
surfaces. This reduces surface scattering, an issue that becomes important for devices
on the nanoscale. Moreover, epitaxially grown NWs circumvent the problem of
handling and positioning nanometer-sized objects that arise in the conventional pick-
and-place approach, where devices are fabricated by manipulating horizontally lying
VLS-grown NWs. In this respect, a generic process flow to fabricate silicon NW
vertical surround-gate FETs has been demonstrated; the intrinsic advantage of the
process developed is that no chemical or mechanical polishing steps, which are
difficult to control at this length scale, are needed [2.391].

Because the growth of NWs is a bottom-up self-assembly process, it brings an
additional benefit to all of the aforementioned: then freedom in materials design
where highly perfect heterostructures like In/InP, InAs/InSb, and Si/Ge may be
formed [2.388], combination of materials that cannot be realized by the conven-
tional top down techniques because the constraint of lattice matching. The incor-
poration of vertically integrated NWFET may enable the implementation of 3D
CMOS ICs.

Gallium Nitride (GaN). The excitement generated about GaN stems from its
unique material and electronic properties. GaN devices offer five key character-
istics: high dielectric strength, high operating temperature, high current density,
high speed switching, and low on-resistance. These characteristics are due to the
properties of GaN, which, compared to silicon, offers ten times higher electrical
breakdown characteristics, three times the bandgap, and exceptional carrier mobi-
lity. But this material offers yet more advantages, the high electron mobility and
charge density possible in AlGaN/GaN and InAlN/GaN heterostructures has
enabled the demonstration of power amplifiers with at least one order of magnitude
higher output power density than in their GaAs or Si-based counterparts. However,
in spite of this excellent performance, nitride-based devices cannot compete with Si
CMOS electronics in terms of cost, scalability, and circuit complexity. The seamless
integration of these two semiconductor families would give the circuit and system
designer unprecedented flexibility to use the best material and devices for each
function [2.392]. A fabrication technique for the manufacturing GaN on Si power
devices and the heterogeneous integration with Si devices has been demonstrated
for 4’’ Si wafer [2.392] and for 8’’ wafer substrates [2.393].
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So far, we have dealt with the materials that the main stream of research has
considered for increasing the performance of the Si technology, but recently and
offering new functionality to this technology the polymers and small molecular thin
films have emerged refreshing the materials catalog. The main advantage that
makes these materials very attractive is their low deposition temperature. In addi-
tion to that, the possibility of tailoring the properties of the films by using multi-
components organic semiconductors [2.394] is a new area of research for obtaining
new functionalities in the Si technology. For instance, light emission to the Si
technology has already been demonstrated [2.395] and is only an example of all the
new functionalities that can be added to CMOS chips.

2.4.2 Nanostructured materials, amorphous and SiGe
alloys, and its applications

We all are used to the SiGe in the HBT fabrication and as a strained layer in the
CMOS technology. HBT fabricated with SiGe heterojunction in the BiCMOS
technology show a performance that is superior to its III–V counterparts. The
addition of Carbon to SiGe opened new capabilities to the HBT performance and is
very important step in the strained-layer epitaxy for this application. An excellent
review of these applications can be found in the books edited by John D. Cressler
[2.396]. However, the use of amorphous SiGe alloys or nanostructured materials
that are obtained from Plasma Enhanced Chemical Vapor Deposition (PECVD) are
‘‘structure sensitive’’ amorphous material because a perplexing diversity of struc-
tures and properties can result depending upon the preparative processes and con-
ditions [2.397]. But, what are the advantages or novelty in incorporating amorphous
or nanostructured materials obtained from PECVD? In answering the question we
will follow the discussion given by Street [2.398]:

The disorder is the main feature that distinguishes amorphous from crys-
talline materials. This is of special significance in semiconductors, because
periodicity of the atomic structure is central to the theory of crystalline
semiconductors. Bloch’s theorem is a direct consequence of the periodicity
and properly describes the electrons and holes by wave functions, which
are extended in space with quantum states defined by the momentum. The
theory of lattice vibrations has similar basis in the lattice symmetry. The
description of amorphous materials is developed instead from the chemical
bonding between atoms, with emphasis on the short range bonding – that is
in the bond length and bonding angle – rather than in the long-range order
(periodicity). This structural disorder influences the electronic properties
in several different ways are summarized in the following text.

Bonding disorder. The disorder represented by deviations in the bond lengths
and bond angles broadens the electron distribution of states and causes electron and
hole localization as well as strong scattering on the carriers.

Structural defects. Such as broken bonds have corresponding electronic states
which lie in the band gap, here the emphasis on the local bonding rather than the
long range translational symmetry leads to a strong interaction between the elec-
tronic and structural states and causes the phenomenon of metastability.
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Electronic properties. The wave functions of the electronic states are the
solutions to the Schrödinger equation, the periodic potential of the ordered crystal
leads to the familiar Bloch solutions. The wave function has a well-defined
momentum that extends through the entire crystal. The energy bands are described
by energy-momentum dispersion relations, which, in turn, determine the effective
mass, electronic excitations, etc. The aforementioned solutions to Schrödinger
equations do not apply to an amorphous semiconductor because the potential is not
periodic. A weak disorder potential results in only a small perturbation of the wave
function and has the effect of scattering the electron form one Block state to
another. The disordering effect of an amorphous semiconductor is strong enough to
cause such frequent scattering that the wave function loses phase coherence over a
distance of one or two atomic spacing. This strong scattering causes a large
uncertainty in the electron momentum trough the uncertainty principle; the uncer-
tainty in the moment is similar to the magnitude of the moment and therefore is not
a good quantum number and is not conserved in electronic transitions. The loss of
momentum conservation is one of the most important results of disorder and
changes much of the basis description of the electronic states. Some consequences
of the loss of momentum conservation are listed as follows.

● The dispersion relations do not longer describe the energy bands, but instead
also a density of states distribution must redefine the electron and hole effec-
tive masses redefined as they are usually expressed as the curvature of the
dispersion relations.

● The conservation of momentum selection rules does not apply to optical transi-
tions in amorphous semiconductors. Consequently, the distinction is lost between
a direct and an indirect band gap, the later being those transitions which are
forbidden by momentum conservation. Instead transitions occur between states
that overlap in real space. This distinction is most obvious in Si, which has, and
indirect band gap in its crystalline phase but not in the amorphous phase.

● The disorder reduces the carrier mobility because of frequent scattering and
causes the much more profound effect of localizing the wave function.

If we try to do a balance of the opportunities offered from amorphous mate-
rials, we will be tempted to refuse its incorporation to the CMOS technology. But,
looking carefully we find that because the deposition method a perplexing diversity
of structures and properties can result depending upon the preparative processes
and conditions. We are actually, by changing the depositing conditions, tailoring
the density of defects, the band gap and therefore creating new materials from the
same components. Additionally, the lack of conservation of the momentum also
brings the benefit of not influence of the lattice constant, which results in that all
possible ratios among elements of a compound can be achieved.

As an example of the above asseveration, the properties of a-SiGe:H are pre-
sented below and we will see the influence of the depositing conditions on the
properties of the deposited semiconductor [2.399–2.401]. The samples of amorphous
silicon germanium films were prepared by LF PECVD decomposition using a
PECVD system from Applied Materials Inc. (Santa Clara, CA), Model 3300. Silane,
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SiH4, and germane, GeH4, were used as the feed gases and hydrogen and argon as
the dilution gases. Two different substrates were used: Corning 1737 glass for the
conductivity measurements and crystalline silicon (c-Si) for the measurements of
infrared (IR) spectra. The films were deposited at substrate temperature Ts ¼ 300 �C.
The deposition parameters were as follows: pressure, P ¼ 0.6 Torr; power,
W¼ 350 W; and frequency f¼ 110 kHz. The total flow of silane and germanium
QSiH4,GeH4 was 50 sccm for all depositions. Three types of the samples were fabricated:
20:1 hydrogen dilution (H-dilution), 10:1 argon dilution (Ar-dilution), and undiluted.

Depending on the gas dilutor the growth rate of the films changes for X ranging
from 0 (pure Si) to 1 (pure Ge). As is depicted in Figure 2.82, the growth rate
increases monotonically with X for dilution, while for dilution at low X values the
growth rate suffers changes in opposite direction.

But not only the growth rate depends on the depositing conditions, the spectral
dependence of the optical absorption coefficient a(hn) is shown in Figure 2.83a for
all the samples studied along with that for a-Si for comparison. As can be seen,
a(hn) curves shift to lower photon energy with increasing Ge content in the feed
gas. The total shift is about 0.9 eV when Y changes from 0 to 1. The shift is not
proportional to Y; nearly half of the total shift occurs in the low Y region between
Y ¼ 0 and Y ¼ 0.42. The effect of dilution is rather pronounced for Y ¼ 0.23 to 0.6;
the films deposited with H-dilution are shifted more than the others. Also the
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optical gap decreases linearly with Ge content to as small Eg in the range
0.95–0.95 eV for a-Ge as it is shown in Figure 2.83b.

The temperature dependence of the conductivity in the films s(T) is described
by an activation dependence

s Tð Þ ¼ s0exp � Ea

kT

� �
(2.98)
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where Ea is the activation energy determined from the slope of the experimental
curves logs versus 1/T. Figure 2.84 shows the measured conductivity of the films;
we can see that Ge incorporation significantly changes conductivity of the films.
Room temperature (RT) conductivity increases from sRT ¼ 2 � 10�8 at Y ¼ 0 to
2 � 10�1 W�1cm�1 at Y ¼ 1, i.e., by seven orders of magnitude while for the same
range of change in Y, the Ea changes from 0.60 to 0.22.

Also de deposition parameters influence the surface morphology and grain-like
structures are observed trough an Atomic Force Microscope. Average height
roughness, <H>, height distribution F(H), lateral correlation length, Lc, and
kurtosis, g, were calculated from the AFM images and studied as a function of the Y
content of Ge in the films. Figure 2.85 shows the average height <H> for the
different gas dilutions. As it can be observed, the average roughness increases from
no dilution to hydrogen dilution and the highest roughness is obtained from Ar
dilution. By increasing the hydrogen dilution rate the deposited films result in
micro- and nano-crystallites [2.374]

By changing the dilution rate in the SiGe film deposition there is also a change
in the structure and electronic properties of the deposited material. Defining the
Hydrogen dilution parameter as R ¼ (QH2)/(QSiH4 þ QGeH4), where the flows
QSiH4 ¼ 25 sccm and QGeH4 ¼ 25. The depositing conditions in addition of main-
taining these flows constant are: pressure P ¼ 0.6 Torr, RF Power ¼ 300 W, dis-
charge frequency f ¼ 110 kHz, and a substrate temperature Ts ¼ 300 oC. R was
varied from 20 to 80 and in order to characterize optical properties an optical gap
E04, a characteristic energy E03 determined as the photon energy at which absorp-
tion a(E04) ¼ 104 cm�1 and a(E03) ¼ 103 cm�1, respectively, are used, in addition
to DE ¼ E04 � E03 which reflects the density of band tail states, a plot of the optical
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gap versus dilution rate R is built and we can see this dependence and its corre-
sponding change in DE. Figure 2.86 shows this dependence.

So far we have shown how the depositing conditions can produce a great
variety of materials, here the case of SiGe:H alloys was used, but still many other
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aspects in which the same alloy may be deposited by PECVD resulting in a material
that gives new and surprising properties [2.402].

2.4.3 Photodetectors and micro-machined bolometers
The major factor limiting the properties of amorphous semiconductors is the den-
sity of defects in the energy gap. But we have seen in the precedent paragraph that
it is possible by controlling the depositing conditions, to control the density of
defects and, therefore, controlling the semiconductor properties. In the following
text, we will show how the SiGe:H alloy by just changing the depositing condi-
tions, it can be used in a variety of devices with an excellent advantage, that it can
be added by post-processing to the CMOS fabrication technology without affecting
the performance of the CMOS ICs.

A planar amorphous SiGe:H SAMAPD [2.403, 2.404]. For optical fiber
communications, the Separated Absorption and Multiplication Avalanche Photo-
detector (SAMAPD) is fabricated on III–V semiconductor because the useful wave-
length lies in the range of 0.9–1.55 nm. The quantum efficiency of these devices is
determined by the properties of the absorption layer and the hetero-interface, while
the avalanche multiplication process in the wide bandgap semiconductor determines
the multiplication and excess noise properties. When the SAMAPD idea is exported to
silicon, two major facts make this highly attractive: (1) the ionization coefficient ratio
in Si is largely different from unity, which will result in low excess noise factor, and
(2) the absorption coefficient of amorphous Si is very large compared to its crystalline
counterpart. For the absorption layer of the SAMAPD, amorphous silicon (a-Si) and
its alloys (a-SiGe) are a good option because they show at least one order of magni-
tude higher absorption coefficient with respect to crystalline material. Additionally
amorphous materials have a very low deposition temperature (when PECVD is used),
and do not contain any materials harmful to Si IC’s fabrication processing. a-Si and a-
SiGe alloys, used as absorption layers in a SAMAPD structure, do not need to have
smaller band gap than the crystalline silicon, as in III–V-based APDs. Because a-Si
and its alloys have optical absorption coefficients larger than 104 cm�1 (for energies
0.2 eV larger than the optical gap), for most optoelectronic applications, only a 1 mm
thick absorption layer is sufficient which is two to three orders of magnitude thinner
than that needed in crystalline silicon. One of the important characteristics of amor-
phous materials is that materials of arbitrary composition can be obtained.

A cross-section of the a-SiGe SAMAPD, fabricated in an n-type Si wafer (100),
r ¼ 3–5 W-cm of the INAOE 10-mm-CMOS IC’s process, is shown in Figure 2.87.
Only one extra p implantation step is required to prepare the substrate for the
SAMAPD fabrication, and the IC’s fabrication process is not altered. The p
implantation is done with a dose of 2 � 1012 cm�2 at 150 keV. With this implanta-
tion the p-region of the p–n multiplication-junction is formed. The nþ contact as well
as the p region described earlier, are activated with the same heat treatment used in
the formation of the source and drain regions. An a-SiGe:H from SiH4 and GeF4

as sources and doped with boron was deposited at 250 oC and a pressure of 0.8 Torr.
The deposited film resulted a-Si0.67Ge0.33:H,F with an optical bandgap ¼ 1.33 eV, a
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diffusion length of 0.08 mm and a lifetime of 769.6 ms. Therefore a film thickness of
0.08 will avoid the risk of recombination inside the absorption layer. The addition of
an antireflective (AR) coating helps to increase the performance of the device. The
AR films Spin on Glass cured at 200�C in order to maintain the properties of the
absorber material. Figure 2.88 shows (a) the device responsivity plotted as function
of the incident wavelength and (b) with the AR deposited.

A-SiGe:H,F

p+
p p+ n+

n-type Si 

Al n-contactAl p-contact Al p-contact

Figure 2.87 Cross-section of the a-SiGe:H,F SAMAPD and the surface nþ contact
to the n-type substrate. The junction depth of the nþ and pþ regions is
1.5 mm. The active window of the a-SiGe regions is 100� 100 mm2

� 1997 IEEE. Reprinted with permission from Reference 2.403
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Figure 2.88 (a) Experimental responsivity R of the a-SiGe:H,F SAMAPD versus
wavelength at Vd ¼ 0 V, with a-SiGe:H,F thickness layer of
0.065 mm. The experimental results of a super lattice GaAs-
Al0.4Ga0.6As photo diode are also shown by the continuous lines.
Curve A corresponds to 30 GaAs/AlGaAs periods of 46/48 angstroms
thick, and curve B is for 30 GaAs/AlGaAs periods of 139/84
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0.3 to 0.9 mm, and a coherent ring laser is used on the 0.9–1.0 mm
wavelength range. (b) Device response with AR coating (D)
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So far, an IC-compatible a-SiGe planar SAMAPD, suitable for optical com-
munications when AlGaAs laser source is used, has been demonstrated. Its simple
fabrication technology, the gain that can be obtained when operated in avalanche
and the ability of tailoring the absorption layer characteristics, makes this device
very attractive for Si optoelectronic IC fabrication.

MSM thin film high speed photodetector [2.405]. For the development of
low-cost optical receivers for optical communications, the silicon technology has
emerged as the best choice because its maturity, very well-developed fabrication
process and lower fabrication cost for mass production. In order to obtain the
proper absorption coefficient for the second and third fiber spectral windows
(1.3–1.55 mm), the use of thin films of materials with the proper characteristics
have been used. For operation at the wavelengths of 1.3 and 1.55 mm, it is proposed
in this work the use of a-SiGe:H,F. On this material a MSM photo detector is
constructed, and this structure was chosen because its inherent lower parasitic
capacitance, hence a lower RC delay time and very simple fabrication process,
because only a single mask is required. For operation at high speed the use of the
transient photocurrent in amorphous hydrogenated semiconductors [2.406] is pro-
posed. The transient photocurrent mechanism can be understood in terms of the
large density of localized band tail and midgap states of the amorphous semi-
conductors. Therefore, the transport of carriers involves the frequent trapping,
detrapping, and motion (transport in extended sates). When a photoconductive
detector is built on such material, and then is illuminated by a light pulse, a pho-
tocurrent is generated. Two factors can reduce the free carrier density and cause
photocurrent decay. If recombination happens, then a free carrier is lost, thus the
photocurrent will be reduced, which happens when the carrier falls in a deep trap.
However, when the carrier falls into a shallow trap it is reemitted soon after capture
and a rapid decay is observed in the short period time of picoseconds. Physically
this decay corresponds to the initial thermallization of the electrons in shallow
states (tail states). Since the density of tails state is high near the band gap, the
transient photocurrent decay is very fast. After this initial decay, the photocurrent
decays gradually for a time, until deep trapping causes another sharp drop. There-
fore, the initial thermallization or the deep trapping decay can be used to achieve a
short response time of a device. The response time of the device can be adjusted
between 1 and 100 ps for the initial thermallization decay. A material with a high
density of midgap sates should be used for a short response time, and this condition
can be achieved easily by adjusting the depositing conditions of an amorphous
semiconductor. The fabrication process of an MSM is described as follows: As a
starting material Si wafers of 2 in diameter were used as a mechanical support.
After standard cleaning procedures were performed on the wafers, a SiNx film was
deposited by means of a PECVD system under the following deposition conditions:
RF power 250 W, 0.6 Torr of pressure, deposition temperature of 260�C. Gases used
are SiH4, NH3, and N2. Thickness measured 105 nm. Without opening the deposi-
tion chamber, the temperature of the PECVD system was raised to 300�C to perform
the a-SiGe:H deposition. GeF4, SiH4, and H2 were used as the reactive gasses.
An RF power of 200W was applied and the pressure of the system was 0.5 Torr.
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The resulting thickness was 0.3 mm. Then, a second SiNx layer of the same thick-
ness as the first isolation layer is deposited on top of the a-Ge to act as an anti-
reflecting layer. A finger mask containing different sizes and arrays of fingers is
then placed on top of the system SiNx/a-Ge:H,F/SiNx, using positive photoresist,
then the uncovered SiNx is removed and a layer of Al is evaporated on the photo-
resist. By removing the photoresist, the finger pattern is placed on top of the
a-SiGe. No alloying process for the metal contact to the amorphous layer was
performed. A cross-section of the fabricated structure is depicted in Figure 2.89.

The devices were measured under DC bias in the range of �3 V under dark and
illuminated conditions. The highest dark current measured at 3 V was 2.4 � 10�8

A, for the device with dimensions for the interdigitated area as 260 mm long,
separation between fingers 40 mm and finger width 22 mm. When the device is
illuminated with different monochromatic sources, it is noticed that as the wave-
length increases, the photo generated current also increases. Figure 2.90 shows this
behavior. It is seen that for a l¼ 0.94 mm there is almost 2 orders of magnitude in
current increase with respect to the dark case, and up to 3 orders of magnitude
in the increase of the photo generated current when l¼ 1.06 mm. The observed
behavior is in agreement with the transmittance measurements performed on a
sample of the system SiNx/a-Ge:H,F/SiNx in which no metal deposition was done.
Figure 2.91 shows the measured transmittance.

In order to have an idea of the temporal response of the fabricated detector, the
device was illuminated by means of a pulsed laser that delivers light pulses of 10 ns
at 1060 nm of wavelength. An incident power of 4 mW was used to shine the
detector without any bias that is in photovoltaic mode. The generated voltage across
the detector was measured by means of an oscilloscope. The load for the probes was
50 W. The time scale that is shown in Figure 2.92 is not related to the pulse duration;

Silicon wafer

SiNx

SiNx

a-Ge:H,F

Al contacts

Figure 2.89 Cross-section of the fabricated device
� 2006 IEEE. Reprinted with permission from Reference 2.405
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instead it represents the time-scale for the sampling rate (1.54 G samples/s). The
measured characteristics under dark and illuminated conditions show that at only 3
V is necessary for the proper performance of the devices. Bias that agrees with the
low power consumption requirements of the modern ICs. The device here presented
has shown a good response for light pulses of 10 ns of duration.

Microbolometers. For IR imaging the thermal detector that has allowed the
fabrication of cameras and video cameras of large format is the microbolometer.
The operation of a microbolometer is based on the temperature rise of the thermo-
sensing material by the absorption of the incident IR radiation. The change in
temperature causes a change on its electrical resistance, which is measured by an
external circuit. Microbolometers based on amorphous semiconductors have

12
10
8
6
4
2
0

Ph
ot

oc
ur

re
nt

, (
μA

)

−2
−4
−6
−8

−10
−12

−3 −2 −1 0 1 2 3
Voltage V, (V)

λ = 940 nm

(a)

(b)

λ = 1060 nm

1.0

0.5

0.0
C

ur
re

nt
 (μ

A
)

−0.5

−1.0

−1.5
−3 −2 −1 0

Voltage V, (V)
1 2 3

dark
940 nm

Figure 2.90 Dark and illuminated behavior of the MSM, (a) for illumination at
l¼ 940 nm, (b) for illumination at l¼ 940 and 1060 nm
� 2006 IEEE. Reprinted with permission from Reference 2.405

Device physics, modeling, and technology for nano-scaled semiconductor 145



advantages over other types of thermal detectors, including microbolometers that
use other kind of thermo-sensing materials. The advantages are mainly technolo-
gical, since these microbolometers are fully compatible with silicon CMOS
fabrication technology, and there is no need of additional fabrication equipment in
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an IC production line as they are relatively of simple fabrication and can be pro-
cessed at relatively low temperature by PECVD. The latter makes them ideal for a
post-process fabrication over a CMOS read-out circuit. At INAOE we have been
working on the materials for application of these devices from wavelengths ranging
from 10 to 1 mm. But regardless of the wavelength of interest, the key parameter
that determines the responsivity is the temperature coefficient of resistance (TCR).
The TCR is commonly represented by a(T), which is defined as

aðTÞ ¼ 1
R

� �
dR

dt

� �
� Ea

kT 2
(2.99)

where Ea is the activation energy, k the Boltzmann constant, and T. A large TRC
value means that a small temperature change will result in a large change in the
resistance of the material. a-Si:H and a-SiGe:H happen to be the set of materials
that, by the proper depositing conditions, are able to cover the range of the IR
spectra aforementioned.

Uncooled microbolometer. The device is a temperature-dependent resistor
working at room temperature, which contains an IR absorbing film deposited on a
thermosensing element. Those films are supported by a suspended membrane,
which provides thermal isolation. The devices may be fabricated by using bulk
micromachinining or through surface micromachining; the former is used for
obtaining a better thermal isolation by placing the device on a floating thermal
isolator. The later is used when an array of devices is required for getting the larger
number of devices for a giver area of silicon, besides that this configuration allows
to fabricate under it the conditioning circuitry for every pixel in a focal plane array
[2.407]. These two configurations are illustrated in Figure 2.93.

For room temperature operation a-SiGe:H was studied, and resulted in a very
attractive thermosensing material. It resulted in a high TCR when deposited from
SiH4 and GeH4 in a Low Frequency PECVD system at 110 kHz, pressure of
0.6 Torr, and at substrate temperature of 573 K. The TCR measured on the device
resulted dependent on the structure fabricated, for the bulk micromachined struc-
ture the film showed a TCR ¼ 0.051 K�1 and for the surface micromachined
structure TCR ¼ 0.037 K�1 evidencing the better thermal isolation of the bulk
micromachined device [2.407]. Nevertheless, the measured TCR on the fabricated
devices resulted much larger than that reported for other devices; for instance
Syllaios [2.408] reported a TCR measured on a device of 0.028 K�1. Liang et al.
[2.409] for poly-SiGe thermosensing film on uncooled microbolometers measured
a TCR in the range of 0.014–0.022 K�1.

In order of improving the performance of the surface micromachined bol-
ometers, the position of the electrodes was also varied and two different structures
resulted. These devices were named as planar and sandwich structures, in reference
to the relative positioning of the electrodes, this is illustrated in Figure 2.94.

As a result the measured TCR on the devices is the same for both with a value of
0.043 K�1, but because electrodes in the sandwich structure resulted in a very high
field and a diode like behavior a high current is observed when the bolometer in this
structure is illuminated under IR radiation and a gain in the photocurrent is observed
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[2.410]. Most of the figures of merit are the same for both structures, the responsivity
resulted to be 2� 10�3 A/W for the planar structure and for the sandwich structure a
responsivity dependent on the bias is observed and goes from 0.3 to 14 A/W. Also
the thermal constant time for both devices is quite different being 0.1 ms and 125 ms
for the planar and sandwich structures respectively [2.410].

Recently, it has been found that by varying the deposition parameters of a-Si:
H, it is possible to form nanocrystals (of diameter of �2–4 nm) distributed along
the amorphous matrix. Such a material is commonly referred to as polymorphous
silicon (pm-Si:H) [2.411]. The presence of nanocrystals impacts on the properties
of the material by reducing the density of states (defects) and improving the
transport properties (larger me) and stability of the films. For a-Si:H thin-film solar
cells, where degradation is an issue, pm-Si:H has been used instead of a-Si:H, and it
has been demonstrated that this kind of cells suffer less of degradation due to light
radiation (light soaking), such improvement is related to the presence of nano-
crystals in the films [2.412].

For IR detectors and specifically for microbolometers, polymorphous semi-
conductors have not been reported, and we believe that its use as IR sensing films
may represent a technological improvement, since those materials still preserve the
characteristics of their amorphous counterpart, as a direct optical bandgap, large Ea,
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and large TCR. In this aspect, we have studied the IR sensing properties of poly-
morphous silicon–germanium (pm-SixGey:H) thin films and have obtained pro-
mising results in terms of high Ea and TCR values with an improved sRT [2.413].

The pm-SixGey:H films were deposited from a SiH4 (10% in H2), GeH4 (10%
in H2), and H2 gas mixture, at a substrate temperature (Ts) of 200�C, in a capaci-
tively coupled low-frequency PECVD reactor, working at 110 kHz, with an RF
power density of 90 mW/cm2. The films were characterized using high-resolution
transmission electron microscopy (HRTEM), Figure 2.95 shows an HRTEM cross-
sectional image of a pm-Six Gey:H film and as one can see, several nanocrystals of
diameters in the range of 2–4 nm are distributed in the amorphous film. The pre-
sence of nanocrystals reduces the stress in the amorphous matrix, and consequently
improves the stability of the Films.

The microbolometer fabricated with pm-SixGey:H resulted with the following
advantages: a large TCR of �6.6% K�1, resulting in devices with high-
performance characteristics, the voltage Responsivity Ru (9.2 � 105 V/W) and a
specific detectivity D* (2 � 109 cmHz1/2/W) with relatively low electrical resis-
tance (1 � 106 W). Coupled with the above, the presence of small nanocrystals in
the IR sensing films impacts on a reduction of defects, and improves the stability
of the films against radiation [2.414].
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Figure 2.94 Microbolometer structure (a) planar and (b) sandwich contacts
� 2007 Elsevier. Reprinted with permission of [2.410]
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Terahertz and millimeter wavelength microbolometer. Sensing and ima-
ging using pulsed terahertz (THz) radiation have been widely recognized for
reconstructing three-dimensional (3D) images of objects [2.415, 2.416]. Recently
published works show implemented systems that operate at frequencies below
1 THz. There are two reasons for this: first, humidity interferes with the image due
to its high absorption above 1 THz, and second, the ability to find something cov-
ered by cloths. THz falls between the RF and IR bands, and is a largely unexplored
region of the electromagnetic spectrum with wavelengths ranging from 100 GHz to
10 THz. The technology for this frequency range has been used recently in biology,
medicine, and non-destructive control of materials. One key issue for obtaining
low-cost detectors using monolithic construction is their easy integration and
compatibility with the CMOS technology, therefore we use a-Si-B:H as material
sensor. The amorphous silicon boron doped was deposited at a substrate tempera-
ture of 250 K by using SiH4 and B2H6 as source gases. The TRC measured at 150K
is 0.085 K�1. The current responsivity measured at 77 K is 1.17 � 10�2 A/W at 7 V
DC bias, enough for resolution at THz frequencies [2.417]. The same thermosen-
sing material is used in millimeter wavelength microbolometers, here the pixel size
is 4 mm because this is the size recommended for avoiding diffraction losses
operating in the single mode regime [2.418]. An array of 96 microbolometers was
built in a 2 inches Si wafer and is shown in Figure 2.96 mounted in a Cu plate and
bonded for testing and waiting for characterization at 4.2 K.

So far we have showed how an amorphous alloy of SiGe is used for very
different applications, the depositing conditions were adjusted for obtaining the
properties that best fit for the particular application. Additionally the versatility
offered for the PECVD system is demonstrated and all the devices are designed for
being incorporated to CMOS silicon technology.
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Figure 2.95 HRTEM image of a cross-section of a pm-SixGey:H film. Inset:
4 mm � 4 mm AFM image of the surface morphology of a pm-SixGey:H
film, and two amplified images of nanocrystals of diameter of 4 nm
� 2015 IEEE. Reprinted with permission of [2.414]
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2.4.4 CMOS process-compatible silicon-in-package (SiP)
System integration has shifted from a computational, PC-centric approach to a
highly diversified mobile communication approach. The heterogeneous integration
of multiple technologies in a limited space (e.g., GPS, phone, tablet, mobile
phones) has truly revolutionized the semiconductor industry by shifting the main
goal of any design from a performance driven approach to a reduced power driven
approach. In few words, in the past performance was the one and only goal; today
minimization of power consumption drives IC design.

This is demonstrated by the fact that SOC and SIP products have become the
main drivers of the semiconductor industry as total volume of smart phones and
tablets has surpassed production volumes of microprocessors in the past few years.
The foundation of heterogeneous integration relies on the integration of ‘‘More
Moore’’ (MM) devices with ‘‘More than Moore’’ (MtM) elements that add new
functionalities (non-CMOS) that do not typically scale or behave according to
‘‘Moore’s Law’’ [2.419]. At this point it is necessary to make the distinction
between SOC and SIP.

System in Package uses the abbreviation SiP to differentiate itself from the old
Single In-line Package (SIP). It is also sometimes called System in a Package. In its
most simple definition, a SiP consists of active devices (one or multiple ICs),
passive components and discrete devices designed and assembled into a standard or

Figure 2.96 Array of 98 microbolometers placed on the Cu plate for testing at 4.2 K
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custom package to achieve a modular function previous accomplished by using
several separated single chip packages. The SiP forms a functional block or module
that can be used for board level manufacturing. The objectives of using SiPs are
therefore to [2.420]

● Provide alternate and cheaper solution for SOC, as SOC sometimes take longer
to fabricate and reach the market.

● Provide higher levels of integration and better electrical performance.
● Reduce overall assembly size and weight and achieve cost effectiveness.

No doubt SiPs are currently used most widely in portable consumer electronic
devices such as digital still camera, music player, video recorders, and mobile phones
where size and weight are premium and hence the main drivers for miniaturization.

SoC (IC integration to system-on-a-chip) continues to be the dream of all
semiconductor companies. Computer and communication companies have driven
this trend for decades through finer lithography, better materials, and larger chips
and wafers, all leading to higher clock frequency. Cost was not a factor. But the
world has changed, and the primary focus today is more functionality at an
affordable cost. Even personal computer companies have moved on to dual – and
multi-core processors that perform multiple functions on a single chip – spreadsheet
on one quarter of the screen, photograph editing on another, watching a movie on the
third, and video-conferencing on the fourth. The key challenges to SoC progress,
however, are formidable, and include design and design verification, manufactur-
ability, intellectual property (IP) and legal issues, time-to-market, and cost [2.421].

For achieving the objective of high-level interconnection, size reduction and
high packing density, there are four essential enabling technologies that support the
progress of SiP. These four technologies are [2.420]: Wafer thinning, Substrate
technology, Interconnection, and Embedded Passives. Here the Substrate technol-
ogy is the topic of discussion, and a very good evaluation of materials for SOP
substrates is found in reference [2.422]. In this work, the authors state that the next-
generation packaging involves dramatic reduction in size and cost, coupled with
higher performance. This can be accomplished with increased integration of pas-
sives, RF, and optoelectronics components within the package. For achieving all of
this an appropriate choice or design of materials is important, because the major
building block for the SOP technology is ultra-high-density wiring within the
dielectric layers using single-sided build-up. This high-density interconnection is
typically fabricated by a sequential deposition of alternate layers of copper metal-
lization and polymer dielectric on the baseboard. The coefficient of thermal
expansion (CTE) mismatch between the dielectric layers and the baseboard, cou-
pled with the curing strain, the sequencing and asymmetry of the building layers
etc., induce severe stresses and warpage in the board during or after the process.
Results derived from analytical and finite element modeling show that a board with
sufficient stiffness is needed to prevent the warpage and hence enable the fineline
wiring and microvia build-up process.

The other building block for the SOP concept is a reliable flip-chip technology
involving interconnection of unpackaged ICs directly to low-cost boards for
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increasing the Si efficiency (area of Si within a package) and system level perfor-
mance further. A chief concern is the CTE mismatch between the silicon die and
the board. A silicon die has an approximate CTE of 2–3 ppm/�C, while conven-
tional organic boards such as FR4 have a CTE ranging from 18 to 20 ppm/�C. The
expansion mismatch induces plastic strain in the solder joint during operation
resulting in low-cycle fatigue. All the materials chosen for the study are composite
materials or ceramics, but nevertheless the conclusions of the comparison are
challenging and can be summarized as follows:

● Matched CTE with Si die to prevent solder joint cracking without underfill.
● High enough elastic modulus to prevent cracking from cyclic warpage during

heat cycle resulting from the CTE mismatch between the board and build-up
dielectric layer. High elastic modulus is also necessary to reduce warpage
during sequential build up process enabling ultra-high-density wiring of SOP.

● A dielectric material with low CTE, close to that of the board, and low mod-
ulus to minimize the dielectric stress and warpage caused by CTE mismatch
between the base board and the dielectric. This can be another option to
enhance SOP reliability performance from dielectric material design or selec-
tion standpoint.

Researchers at INAOE are proposing Teflon as the material for SiP because it
offers all the advantages needed for this purpose, is a single component material,
and has a very low tangent loss. The latter makes Teflon ideal for high-frequency
applications because of its low dielectric constant and the offering of very low
dielectric looses. Additionally if the Teflon surface is polished and an adherence to
metals like Cu is improved, it also will result in low loss of the metal.

In order to proof our concept, a microstrip is going to be used [2.423]. The
ohmic losses for a microstrip depend on DC resistance, AC resistance, and the real
part of the impedance, Metal conductivity, frequency, and the average of roughness
at the interface between metal and dielectric. In a conventional PCB fabrication
process, the roughness is used for promoting adhesion of metals to the substrate.
The roughness is an important factor in the ohmic losses especially in low-losses
PCBs, it can enhance the AC resistance up to twice its value, and AC resistance is
the most contributing part of the ohmic losses. Thus by reducing the roughness it
can be reduced the ohmic losses. In our experiment we ended up a final roughness
measured is of 30 nm, an argon plasma treatment on PTFE surface for Cu adher-
ence was made and free bonds are created in the Teflon surface. Following 25 mm
of electrodeposited Cu, the test of Copper Peel Strength was done with XLW (PC)
Auto Tensile Tester and the result was 3.93 lbs/in, which is as good as some
commercial PCB’s or better. From S-parameters measurements we obtained for the
microstrip fabricated an attenuation of only 2 Np/m at 20 GHz. One of the lowest
values reported up to date.

Currently, researchers at INAOE are working on the fabrication of passive
components as capacitors, inductors, and resistances on up to seven levels of metal
using BCB as interdielectric metal. In the near future Teflon may be an optional
material for SiP for very high frequency applications.

Device physics, modeling, and technology for nano-scaled semiconductor 153



2.5 Conclusions

The silicon-based Field-Effect-device technology has evolved from the classical
bulk approach based on SiO2 gate dielectric, toward the most advanced and
experimental devices, such as junctionless, tunnel-FET, NWs, SOI-FET, and Fin-
FETs, where the FinFET being the mature device already in industry production for
the most advanced 14 nm microprocessors. This chapter went through a review of
these advanced FET-related devices, analyzing quantum effects.

The maturity of the FinFET technology has enabled a drastic reduction of the
cost-per-device, or equivalently, the number of transistors that can be bought per
dollar, to a number of 20 million transistors per dollar. However, this amazing
evolution brought by the transistor size reduction, which increases the current drive
capability and reduce the switching times making the device more functional and
faster, is not for free. It comes with physical limitations due to the nanoscale
quantum nature and fabrication technology limits, such as metal grain granularity,
line edge roughness, RDFs. The electrical operation of advanced FET-related
devices brought second-order undesirable effects, such as lack of electrostatic
channel charge control, leakage currents, self-heating, that ultimately lead to device
degradation reducing the performance and lifetime of electronic systems. The most
common advanced FET-related device structures, its fabrication process, and
operation characteristics have been reviewed in the first two sections of this
chapter. The different approaches for fundamental physic-based device modeling
and simulation have been introduced in Section 2.3.

Transport modeling for TCAD applications is a mature field of research with
vast applications. Models of different complexity, precision, and accuracy are
offered and implemented in various commercial and academic TCAD tools.
Depending on parameter values and device scales, either a semi-classical or a
quantum-mechanical transport description can be adopted. An MC method requires
significant CPU resources and is now relatively rarely used for TCAD applications,
when timely but perhaps less accurate results are of primary importance. MC
methods can easily be extended and generalized to incorporate strain-induced
modifications in the band structure and scattering rates, thus providing valuable input
about the carrier mobility and other material parameters dependences on technolo-
gical parameters and driving electric fields. These newly calibrated parameters can
be used again in the drift-diffusion-based transport calculations extending their range
of applicability. Spin transport in silicon can also be addressed with a diffusion-like
equation with the spin relaxation term properly added.

In modern microelectronic devices quantum-mechanical effects become
important and sometimes even dominant, which prompts for the development and
use of quantum atomistic transport approaches. With shrinking device dimensions,
the demand for fully three-dimensional accurate solvers for the coupled transport/
Poisson equations and atomistic based simulations has grown significantly. With
the advances in computer architectures, increased computational power and mem-
ory capabilities, state-of-the art software, development of fast numerical algorithms
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and conceptually new generic simulation platforms a fundamental breakthrough in
speed, reliability, and accuracy of multi-scale three-dimensional TCAD simulation
tools is anticipated. However, with quantum corrections carefully added, the drift-
diffusion based ‘‘atomistic’’ simulations provide often sufficiently accurate and
timely statistical results for cutting edge ultra-scaled three-dimensional devices
with fluctuation parameters including random dopant distribution. This extends the
applicability of the drift-diffusion transport approach proving it again to be amaz-
ingly efficient even outside of its formal region of validity.

Finally Section 2.4 showed that the introduction of new materials and device
structures has extended the CMOS platform to new applications domains, such as
metrology for instance, where there is a plethora of radiation sensors that can benefit
from amorphous Si and SiGe alloys, such as photodetectors and micro-machined
bolometers that can be built into large arrays for high-resolution IR surveillance or
detection. Nanostructured materials based on amorphous and SiGe alloys obtained
from Plasma Enhanced Chemical Vapor Deposition (PECVD) are ‘‘Structure sen-
sitive,’’ which result in some advantages based on their short range bonding, rather
than in the long-range order periodicity of crystalline materials. The structural
‘‘disorder’’ of amorphous materials influence the fundamental electronic properties.
The strong scattering causes a large uncertainty in the electron momentum. The loss
of momentum conservation implies that the E-k dispersion relations do not longer
describe the energy bands. There is also no distinction between a direct and indirect
band gap transition. These characteristics can be used to built CMOS-compatible
high-efficient IR detectors, as the bolometer mentioned earlier.

Other materials, such as carbon for the fabrication of nanotubes have been
considered due to its near ballistic transport properties at room temperature, that
with a tight electrostatic control of its 1D channel may enable further downscaling
beyond 10 nm. Graphene with its high carrier mobility close to 1 � 104 cm2/Vs
may be a good candidate for high frequency applications. However, graphene
suffers from a major drawback; its zero bandgap, which results in small on/off
current ratio and no stable saturation region in the output transistor characteristics.
An option devised for graphene is its integration as a Hall sensor with a CMOS
amplifier, for instance. The incorporation of graphene for building system-in-
package is also another attractive route for graphene.

Gallium Nitride (GaN) is another attractive material with unique electronic
properties, such as: high dielectric strength, high operating temperature, high cur-
rent density, high speed switching and low on-resistance. These characteristics are
due to the properties of GaN, which, compared to silicon, offers ten times higher
electrical breakdown characteristics, three times the bandgap, and exceptional
carrier mobility. But this material offers yet more advantages, the high electron
mobility and charge density possible in AlGaN/GaN and InAlN/GaN hetero-
structures has enabled the demonstration of power amplifiers with at least one order
of magnitude higher output power density than in their GaAs or Si-based coun-
terparts. However, in spite of this excellent performance, nitride-based devices
cannot compete with Si CMOS electronics in terms of cost, scalability, and circuit
complexity. The seamless integration of these two semiconductor families would
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give the circuit and system designer unprecedented flexibility to use the best
material and devices for each function.
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Chapter 3

Advanced device characterization techniques

E.A. Gutiérrez-D.1, Stewart E. Rauch2, J. Molina1

and E.A. Miranda3

In this chapter the conventional electrical characterization techniques are reviewed.
This includes the extraction of basic electrical parameters, such as threshold voltage,
parasitic components, effective electrical dimensions, and measurement of second-
order effects, such as self-heating and parasitic tunneling currents. The device
degradation and reliability is reviewed based on different techniques, such as BTI,
for instance. Other advanced mechanisms related to soft- and hard-breakdown
(HBD) are reviewed, including very specific phenomena like percolation and fila-
mentary conduction, which may also serve as a reference for potential nanowire-like
transport. As an alternative characterization technique approach, the use of a mag-
netic field combined with conventional electrical characterization techniques is
introduced. This magneto-electrical characterization technique allows the study of
local effects across small sections in the order of a few nanometers. This technique
is very useful for mapping the conductance properties at the atomistic level, and
could be very useful in optimizing the design of futuristic atomic-scale devices.

3.1 Conventional electrical characterization and
modeling techniques

The proper modeling and characterization has been a key for the appropriate
evolution of the FET-based device technology. The electrical performance of
semiconductor devices is intimately linked to the device physics and technology,
so doing the right electrical testing for extracting the right technology-related
model parameters is crucial for the evolution of semiconductor devices, as well as
for their circuit application. In this section the standard testing techniques for
extracting the basic electrical intrinsic and parasitic device parameters are
introduced.

1National Institute for Astrophysics, Optics and Electronics, INAOE, Puebla, Mexico
2GlobalFoundries, Inc., East Fishkill, NY, USA
3Universitat Autònoma de Barcelona, Spain



3.1.1 Measurement and extraction of basic electrical parameters
The basic electrical parameters of an FET device are extracted from conventional
current versus voltage I–V and capacitance versus voltage C–V characteristics.
The Id–Vd characteristics of four different technology generations, 0.5 mm, 65 nm,
28 nm, and 14 nm SOI FinFET, are shown in Figure 3.1 as an example.

The drain voltage Vd axis is scaled to 3.3, 1.2, 1.0, and 0.8 V, for the 0.5 mm
(a), 65 nm (b), 28 nm (c), and 14 nm (d), respectively.

It is worth to mention that the 0.5 mm technology shows an Id–Vd profile closer
to the ideal case with an output resistance Ro ¼ 3.0 � 104 W at the highest Vg vol-
tage. For the 65 nm technology Ro ¼ 5 � 103 W, for the 28 nm technology Ro ¼
3.8 � 103 W, while for the 14 nm Ro ¼ 9.2 � 103 W. The better electrostatic control
of the FinFET technology brings back a slight improvement on the output resis-
tance. On the other hand, the current drive capability for the highest Vd and Vg

voltage conditions has a positive evolution that goes from 0.22 mA/mm for 0.5 mm,
0.37 mA/mm for 65 nm, 0.68 mA/mm for 28 nm, and 4.6 mA/mm for 14 nm. The
dramatic enhancement of the electrical performance for a SOI-based FinFET
technology is also seen from the Id–Vg characteristics shown in Figure 3.2.
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Figure 3.1 Id–Vd characteristics of four different bulk technologies, (a) 0.5 mm,
(b) 65 nm, (c) 28 nm, and (d) a 14 nm SOI FinFET
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The transconductance gm ¼ (@Id/@Vg) is 2.8 � 103 mA/V for a 14 nm technol-
ogy, while for the 0.5 mm it is 9.0 � 102 mA/V. The threshold voltage Vt is 0.632 V
for the 0.5 mm technology, while for the 14 nm it is only 0.262 V. The subthreshold
slope S is 87 mV/dec for 0.5 mm and 69 mV/dec for the 14 nm technologies. This
makes the 14 nm technology much more efficient as a logic switch with a superb
current drive capability for high-performance computing applications. However,
there is a parameter, which is on the background, and we need to pay special
attention to it. It is the channel leakage current Ioff at Vg ¼ 0.0 V. For the
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Advanced device characterization techniques 189



conventional 0.5 mm bulk technology the Ioff current is only 0.4 pA, while for the
SOI FinFET technology is 310 pA. The Ioff value is high if we consider that a high-
performance microprocessor has the order of billions of transistors. Other parasitic
leakage current components need to be accounted for, such as that of the gate oxide
Ig, and bulk Ib. We will pay special attention to these parasitic currents in the
following sections. A mathematical model in some extent can characterize the
electrical performance. In principle such a model is the Berkeley Short-channel Igfet

Model (BSIM) [3.1]. For a conventional technology one can start from the BSIM3
approach [3.2], which models the three operation regions, subthreshold, linear, and
saturation, as follows:

Ids ¼ mn
Weff

Leff

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qeSiNCH

4fB

s
vth

2 1 � e
�Vds
nvth

� � !
e

Vgs�Vt�VOFF
nvth

� �
(3.1)

where VOFF is a voltage determined from experimental I–V characteristics, and has
a value that ranges from �0.06 to �1.2 V [3.3]. The thermal voltage is given by
Vth, n is a fitting factor, m is the carrier mobility, NCH is the channel doping con-
centration, Vt is the threshold voltage. fB is the potential difference between the
Fermi level at energy band bending and at flat-band conditions.

The linear Ids–Vds characteristics are modeled by the following equation.

Ids ¼ meff Cox
Weff

Leff

� �
1

1 þ Vds
Esat

� �
Leff

Vgs � Vt � AbulkVds

2

� �� �
Vds (3.2)

The parasitic source and drain resistance introduce a modification to previous
equation.

I
0
ds ¼

Ids

1 þ Rds
Ids

� �
Vds

(3.3)

where Rds accounts for both source and drain parasitic series resistance compo-
nents. Esat is the electric field at the saturation Vdsat voltage. The carrier mobility is
given by m. Cox is the gate oxide capacitance, and Weff and Leff are the effective
width and length, respectively. Abulk accounts for the bulk charge effect due to the
drain-source voltage Vds. The description and equation that models this and other
BSIM3 parameters can be found in Reference 3.2. Esat and Vdsat are also described
in detail in Reference 3.2. Vdsat describes the Vds voltage at the transition from the
linear to the saturation region in the Ids–Vds characteristics. The channel current in
the saturation region is given as

Ids ¼ Weff vsatCox Vgst � AbulkVdsat

� �
1 þ Vds � Vdsat

VA

	 

(3.4)

VA ¼ Weff vsatCox Vgst � AbulkVdsat

� � 1
@Ids
Vds

� � (3.5)
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vsat is the saturation velocity, which varies between 6 and 10 � 107 cm/s for elec-
trons, and is between 4 and 8 � 107 cm/s for holes [3.4]. Vgst ¼ (Vgs � Vt), Esat is
then given by Esat ¼ vsat/meff, where meff is the effective mobility. The VA is the early
voltage, which accounts for the output resistance of the MOSFET, and has con-
tributions from different mechanisms, such as the channel length modulation
(VACLM) and the drain-induced barrier lowering (VADIBL) [3.5]. Other mechanisms,
which also affect the output resistance, are the parasitic bulk currents that modify
the bulk potential and threshold voltage and thus the output resistance. One of those
parasitic bulk currents is the one originated by hot carriers [3.6]. The other parasitic
bulk current comes from band-to-band direct tunneling (DT) at the reverse-biased
drain-bulk junction [3.7]. These effects give rise to an additional modification for
VA (VASCBE). With all these mechanisms accounted for the drain current in the
saturation region is given by

Ids ¼ Weff vsatCox Vgst � AbulkVdsat

� �
1 þ Vds � Vdsat

V
0
A

� �
1 þ Vds � Vdsat

VASCBE

� �
(3.6)

V
0
A ¼ VAsat þ 1 þ PVAG Vgsteff

EsatLeff

� �
1

1
VACLM

þ 1
VADIBL

� � (3.7)

VAsat is a voltage parameter that accounts for the parasitic resistances, the effective
width Weff and length Leff of the transistor, and the saturation voltage. PVAG is a
parameter that accounts for the influence of the gate voltage. A description in detail
of the voltage parameter VAsat and PVAG can be found in Reference 3.2.

Finally the BSIM3 electrical model that describes the current in a single
expression can be written as

Ids ¼ Ids0

1 þ RdsIds0
Vdseff

1 þ Vds � Vdseff

V
0
A

� �
1 þ Vds � Vdseff

VASCBE

� �
(3.8)

Ids0 ¼
Weff Coxmeff Vgsteff Vdseff 1 � Vdseff

2Vb

� �
Leff 1 þ Vdseff

EsatLeff

� � (3.9)

The effective drain-to-source voltage Vdseff as well as Vgsteff is a function
introduced to guarantee continuity of Ids through the different operation regimes,
subthreshold, linear, and saturation with the use of a single equation (3.8). A
complete description of these effective voltages is also found in Reference 3.2.
The model BSIMs tested with the spice simulator [3.8] works fine as shown in
Figure 3.3, where a (W/L) ¼ (10 mm/0.5 mm) nMOSFET of a 0.5 mm technology is
used as sample. The simulation results are compared with experimental values
taken at T ¼ 300 K. The one-equation BSIM3 model is able to reproduce the
experimental results with continuity between the different operation regimes, sub-
threshold, linear, and saturation.
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The number of parameters required for a basic DC simulation of a 0.35 mm
MOS technology is above 100 [3.9]. The threshold voltage has 16 parameters, the
carrier mobility has 4, the subthreshold region has 4, the saturation region requires
14, 14 parameters related to geometry modulation are also required, the temperature
effects require 9, the overlap capacitances uses 11, the parasitic resistance-related
parameters are 7, the process-related parameters are 3, and the substrate-related
parameters are 2. Other parameters related to noise and common extrinsic compo-
nents are in the order of 22.

The silicon foundries that offer the fabrication capacity as a commercial product
provide that large amount of parameters. However, at the research environment,
when studying new experimental device structures, one has to rely on parameter
extraction programs such as the ICCAP offered by Keysight (former Agilent) [3.10].
The ICCAP program works in conjunction with the Agilent B1500A Semiconductor
Device Analyzer, which performs the electrical characterization. The ICCAP as well
as other parameter extraction programs, such as UTMOST III from Silvaco [3.11],
requires I–V and C–V measurements on both types of MOSFETs, p- and n-type with
wide and long, wide and short, and narrow and short devices over a temperature
range from 25 to 125�C and under a wide variety of bias conditions.

The BSIM model is now in its version 6, which provides coverage for bulk analog
and radio frequency (RF) applications [3.12]. There is also a BSIMSOI version that
models SOI devices based on the BSIM3 version, BSIMCMG for common multi-gate
FETs, and BSIMIMG for independent multi-gate ultra-thin-body (UTB) SOI transistors.

Besides BSIM, there are other options for MOSFET modeling for circuit
applications. In 1995, for instance, C. Enz, F. Krummenacher, and E. Vittoz pub-
lished their model [3.13], which is known as the EKV model. It is a fully analytical
MOS transistor model dedicated to the design and analysis of low-voltage, low-
current analog circuits. In its first version it had only nine physical parameters,
three fine-tuning fitting coefficients, and two additional temperature parameters.
This model is valid in all modes of the MOSFET operation. There is a recent list of
designs that makes use of the EKV3 version model for RF applications, such as
Reference 3.14 where the design methodology for a 5.5 GHz LNA is introduced for
a 120 nm CMOS technology. Vertical MOSFETs (VMOSFETs) from a 0.35 mm
technology have also been characterized and modeled, with a measured fT and fMAX

can reach 30.5 GHz and 41 GHz, respectively [3.15]. Another paper reports on a
reliable and portable design of an LNA validated for a 2.4 GHz LNA in a 28 nm
CMOS technology [3.16]. The EKV3 version for DC operation can be modeled
with 42 parameters for a 0.12 mm CMOS technology [3.17]. RF noise parameters
for a 90 nm CMOS technology have been characterized and modeled, up to 24 GHz
using the EKV3 model [3.18].

As in the case of BSIM there is also a parameter extraction methodology
available [3.19]. The parameter extraction procedure is accurate for both submicron
CMOS and fully depleted SOI technologies. It is capable to extract the 13 main
EKV intrinsic model parameters for first- and second-order effects.

The third option for MOSFET modeling is the so-called PSP or surface-
potential-based MOSFET model [3.20]. The PSP model incorporates a wide variety
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of mechanisms, such as polysilicon depletion, deviation from the ‘‘universal’’
dependence of the effective channel mobility, trap-assisted tunneling (TAT)
through the drain-bulk reverse-biased junction, degradation of the output resistance
due to the incorporation of Halo doping implants, RF noise sources, gate tunneling
current, and gate-induced drain and source leakage (GIDL and GISL) currents. The
PSP model is based on the calculation of the surface potential at the source and
drain sides of the channel, the intrinsic drain channel current, and the terminal
charges. The extrinsic part of the model includes the overlap charges, gate tun-
neling current, substrate impact ionization current, the series resistance, and spec-
tral densities of the noise. The model has been tested for 180, 130, 90, and 65 nm
technologies. The PSP model has approximately 70 parameters, which can be
extracted by measuring C–V and I–V curves. This data is processed with a special
particle swarm optimization (PSO) algorithm reported in Reference 3.21, which
allows the extraction of 34 DC parameters of a 65 nm technology. As published by
Fujitsu [3.22] the PSP model is far more accurate than BSIM in the subthreshold
region for high-speed applications. This fact is also verified by the ability of the
PSP model to reproduce the slopes of the first to fourth harmonics and a fifth-order
harmonic that follows the gradient of the correct slope at significant power levels
for a 90 nm nMOSFET [3.23]. The PSP model then can achieve much more
accurate distortion results.

There is a fourth option for a MOSFET model, the MOS9 by Philips [3.24],
which is available as level 50 in Star-HSPICE [3.25] and has around 100 para-
meters. The MOS9 model is intended for analog applications, which incorporates
nodal currents and charges, noise-power spectral densities, and weak-avalanche
currents. The model is based on the gradual-channel approximation with a number
of first-order corrections to account for small-size devices. The updated MOS11
model is also suitable for digital and analog RF applications.

The fifth option for RF MOSFET modeling for advanced technologies, such as
28 nm, is the Hiroshima University model called HiSIM [3.26]. The HiSIM2 model
has been used for designing low-power RF-transceiver circuit for the K-band in a
wireless localization system [3.27]. The design methodology based on HiSIM2 has
been proven for a 130 nm CMOS technology 24 GHz wireless localization system.

The compact model council (CMC) [3.28] has selected the BSIM, PSP, and
HiSIM as standard models for the design of integrated circuits.

In general there is a trend to use three fundamental compact models for
advanced technologies of 28 nm and below as shown in Table 3.1. The BSIM
advanced models are based on the iterative calculation of the inversion channel

Table 3.1 MOSFET technologies and corresponding compact models

Technology Models

0.5 mm MOS9, MOS11, BSIM2, BSIM3
90, 65, 45 nm MOS11, BSIM4, BSIM5, EKV, PSP
28 nm and below BSIM6, BSIMSOI, BSIMCMG, BSIMIMG, PSP, HiSIM2
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charge Qinv with the use of smooth functions to make a continuous transition
between different operation regimes. The HiSIM, MOS9, MOS11, and PSP models
are based on the calculation of the surface potential along the different operation
regimes. These models do not require smooth functions to make a continuous
transition between different operation regimes. The EKV is a charge-based con-
tinuous model combined with the surface potential.

The Silicon Integration Initiative (Si2) and the CMC [3.27], which is the lar-
gest organization of industry-leading semiconductor, systems, EDA and manu-
facturing companies, have accomplished three industry standard models: (1) BSIM,
(2) PSP, and (3) HiSIM.

Detailed information about the BSIM, PSP, and HiSIM models is found in
References 3.12, 3.28, and 3.29, respectively. These three advanced compact
models have a number of model parameters that overpass 100, which require spe-
cial parameter extraction techniques, such as that reported in Reference 3.30 for
BSIM, Reference 3.21 for PSP, and Reference 3.31 for HiSIM.

A comparison of these three compact models has been done in Reference 3.32.
In such a study DC small signal and large signal analysis have been compared to
experimental results. For low overdrive voltages the BSIM4 model is accurate for
small-signal performance, which makes it a good option for LNAs, mixers, and
other low-power circuits. For drain voltages closer to zero, the PSP model seems to
be more reliable for correct linearity estimation. The HiSIM seems to be a good
choice for large signal analysis, but its scalability is not good.

From the three different MOSFET operation regimes, subthreshold, linear, and
saturation, several basic parameters can be extracted using regular or conventional
techniques based on I–V or C–V characteristics, such as the subthreshold slope S;
the threshold voltage Vt; the drain saturation voltage Vdsat; the carrier mobility m;
the effective channel width and length Weff and Leff; the output resistance Ro ¼
(@Vds/@Ids); the parasitic series source/drain resistances Rss and Rds; and the gate-to-
source Cgs, gate-to-drain Cgd, gate-to-bulk Cgb, and the other related capacitances.

3.1.2 Parasitic effects and de-embedding under nonconventional
bias conditions

The RF characterization techniques, which are usually used for extracting the RF
MOSFET model parameters, can also be used to extract DC parameters, or to study
second-order effects. This is the case of the series resistance for instance [3.33, 3.34],
where the use of S-parameters serves to extract the series resistance from a single
device, instead of a channel length array as done with DC extraction techniques.

The series resistance at both the source and the drain side is conventionally
extracted using DC measurement techniques [3.35–3.37]. A DC measurement
technique that allows the extraction of the gate-voltage dependence of the series
resistance is given in Reference 3.38. All these DC extraction techniques require
data taken from devices of different channel length. Therefore, in Reference 3.39 a
S-parameters-based extraction technique is introduced, which allows the series
resistance to be extracted from a single device and as a function of the gate
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voltage [3.40]. However, this S-parameter-based extraction technique does
not allow the identification of the bias-dependent components from the bias-
independent ones. In Reference 3.33 an S-parameter-based measurement technique
is proposed to extract the bias-dependent and bias-independent series resistance
components from a single device. In order to eliminate the influence of pad para-
sitics and the large influence of gate resistance Rg, the on-wafer measurements are
de-embedded from pad parasitics using two multi-fingered common-source/bulk
(W/L) ¼ (10 mm/0.18 mm) n-type MOSFET, one with two and the other one with
20 fingers. Under these conditions, the total series resistance Rst is considered as the
sum of a bias-independent and bias-dependent term.

Rst ¼ Rss cons þ Rss bias þ Rds cons þ Rds bias (3.10)

The low-frequency and simplified MOSFET model for Vds ¼ 0.0 V and gate
voltage Vg larger than the threshold voltage Vt is shown in Figure 3.4. The Rss_cons

and Rds_cons refer to the bias-independent series resistance components, while
Rss_bias and Rds_bias refer to the bias-dependent series resistance components. The
constant term accounts for the contact and sheet resistance, and the bias-dependent
term accounts for the gate-voltage-dependent components. The bias-dependent
term follows the model [3.36]:

Rss bias ¼ Rss0

Vg � Vt
(3.11)

where Rss0 is a fitting parameter. A MOSFET biased at Vds ¼ 0.0 V and high Vg has
a negligible transconductance gm and a channel resistance Rch very small compared
to the substrate impedance. Therefore, under this bias condition, the substrate
effects are negligible at relatively low frequencies, which validate the equivalent
circuit shown in Figure 3.5. Then Rss and Rds can be modeled as [3.40]

Rss ¼ Re Z12ð Þ � 1
2
� Rch

1 þ wCxRchð Þ2 (3.12)

Rds ¼ Re Z22ð Þ � Rss � Rch

1 þ wCxRchð Þ2 (3.13)

G D

S/B

Rg Cgs
Cgd Rch

Rss

Cds

Rds

Figure 3.4 A first-approach model for a MOSFET biased at Vds ¼ 0.0 V and
Vg > Vt at low frequencies
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where

Cx ¼ Cds þ Cgs

Cgs þ Cgd

� � (3.14)

Rss and Rds can then be evaluated from (3.12) and (3.13), provided Cx and Rch are
obtained. From the equivalent circuit in Figure 3.5, the imaginary part of Z22 can be
expressed as

Im Z22ð Þ ¼ � wCxR2
ch

1 þ w2C2
x R2

ch

(3.15)

Therefore, Cx and Rch are calculated from the slope and the intercept of the linear
regression from Figure 3.5. The inset in Figure 3.5 shows the rearrangement of (3.15)
used for the linear regression on the experimental data. There is a good linearity for
the narrow transistor (NF ¼ 2) up to 10 GHz, which is the frequency limit where the
substrate effects are negligible. On the other hand, data dispersion is observed for the
wide transistor (NF¼ 20). The value of Cx, in the case of wide transistors, dominates
over Rch, which implies the parameter Im(Z22) is not represented by (3.15) any longer.
Therefore narrow transistors are preferred over wide transistors to extract Rss and Rds.
This procedure is repeated for different values of Vg, so Rss and Rds can be plotted
as a function of (Vgs � Vt)

�1 as shown in Figure 3.6. The constant components of
the series resistance, Rss_cons and Rds_cons, are obtained from the extrapolation to
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Figure 3.5 Linear regression used to extract Rch and Cx from the experimental
data of transistors at Vds ¼ 0.0 V and Vgs ¼ 0.9 V
� 2003 IEEE. Reprinted with permission from Reference 3.40

Advanced device characterization techniques 197



(Vg � Vt)
�1 ¼ 0. The Rss0 slope, which determines the rate of change of the parasitic

resistance with respect to the Vg voltage and which is a fundamental term of Rss_bias

and Rds_bias, is also extracted from Figure 3.6. One important aspect to remark here is
the difference between Rss and Rds. The differences in the slope Rss0 and intercept
(Rss_const, Rds_const) are attributed to the transistor asymmetry [3.41].

The constant and bias-dependent values for the series resistance, within the
frequency range of 10 GHz and with the equivalent circuit proposed in Figure 3.4,
have been validated through HSPICE simulation. The simulated results are shown
in Figure 3.7.

The HSPICE simulation shows a deviation beyond 10 GHz since substrate
parasitics were not considered in the equivalent circuit. However, for frequencies
up to 10 GHz the extraction procedure and model works fine. For frequencies
above 10 GHz the device substrate elements should be extracted and added to the
equivalent circuit. Since the accuracy of this extraction procedure depends on the
value of the channel resistance, narrow transistors are preferred over wide devices.

From a general perspective, if this method wants to be extended beyond
10 GHz, one has to account for a complete equivalent circuit model for the shielded
pad design as shown in Figure 3.8 [3.34]. An equivalent circuit, for this particular
test structure, with contact at the third metal level, is shown in Figure 3.8b. In this
model Ri and Ro represent purely resistive elements since they are inherent to the
sheet resistance of the pad metal layer and contact resistance. Yi and Yo are not
purely capacitive, but a series connection with capacitors. Other elements in the
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Figure 3.6 Extracted series resistance Rss and Rds from the linear regression on
experimental data of transistor with NF ¼ 2
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Figure 3.8 (a) Conventional shielded test structure pad design with a third metal
level, and (b) equivalent circuit model for the shielded pad. The solid
lines represent the model for conventional structures, while the dotted
lines are the components that need to be added to improve the model
� 2009 Elsevier. Reprinted with permission from Reference 3.46
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equivalent circuit have inductance behavior as those related to the output, input,
and ground impedances. A complete and detailed description of an analytical
parameter extraction methodology can be found in Reference 3.34.

As an example of the accuracy of the equivalent circuit and model, a comparison
between the simulated and experimental data of the real and imaginary parts of
parameter Y11, for the open dummy structure, is shown up to 50 GHz in Figure 3.9.

The proposed equivalent circuit and model agrees well with the experimental
data. Using higher-level metals to reduce the input/output shunt capacitance is an
advantage, but at the cost of introducing new resistive elements in the equivalent
circuit. These new resistive elements come from the metal thickness differences in
each layer, and the use of deep vias to connect the device under test (DUT) to the pad.

Besides the parasitic equivalent circuit of the pad, and those related to the
intrinsic device parasitics, such as resistances, capacitors, and inductors, at high fre-
quency one needs to care about device intrinsic second-order effects, which are
notorious at DC. Examples of these effects are the gate oxide tunneling current [3.42]
and the band-to-band tunneling (BTBT) from the reverse-biased drain-bulk junction
[3.43], just to mention a couple of these second-order effects. The gate oxide leakage
Ig at DC, for advanced FET technologies, may be in the range of hundreds of pico-
Amperes (pA) for a single transistor. Therefore, at high frequency such a high level of
parasitic current, coupled with a relatively large parasitic gate resistance Rg, leads to a
considerable degradation of the transistor electrical performance at high frequency
[3.44]. Therefore, the use of gate-interdigitated electrode is a must to reduce Rg [3.45].

For nanometric devices the use of high doping levels at both the bulk and
drain/source terminals is a need for the electrical performance optimization.
However, such a high-doping levels leads to BTBT at the drain/bulk junction
[3.43]. The BTBT charge leakage generates a parasitic current in the intrinsic
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Figure 3.9 Comparison of experimental and simulated results (continuous line) of
the real and imaginary terms of parameter Y11 for the open pad
structure up to the 50 GHz. Open circles correspond to metal 3 level
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MOSFET bulk. The magnitude of this current is negligible when compared to the
channel current operating in the strong inversion regime. However, the magnitude
of this parasitic current is high enough to turn on the parasitic bipolar transistor
(pBJT) formed between the intrinsic source, bulk, and drain MOSFET nodes as
shown in Figure 3.10 [3.46].

Because the current gain b of the bipolar effect, schematically shown as a
pBJT device in Figure 3.10, is a strong function of the channel length L, the pBJT
will turn on much stronger at shorter Ls. This effect is shown by the measured data
on n-MOSFETs of three different technologies, 90 nm, 65 nm, and 28 nm, biased at
Vg ¼ 0.0 V.

As shown in Figure 3.11, the shorter the transistor, the larger is the channel
leakage current. The increase of the leakage current at very short channel lengths is
either related to BTBT at the drain-bulk junction, or to tunneling from source-to-
drain, or to a combination of both together with the bipolar transistor action.

The BTBT effect is shown to happen at the drain-bulk junction when the drain
is biased at its maximum value as shown in Figure 3.12. Due to the heavy doping
effects at both sides, the drain and bulk, the band bending is quite pronounced,
which leads to direct BTBT or trap-assisted band tunneling [3.47]. This mechanism
is responsible for the parasitic tunneling current shown in Figure 3.10.

When the transistor shortens, an additional tunneling current may happen from
source-to-drain as shown in Figure 3.13. This is the case when the length of the
potential barrier Lb is reduced by the effect of the drain voltage. The other effect is
the DIBL that decreases the potential barrier height Eb.

As shown in Figure 3.13, the potential barrier length Lb reduces as the drain
voltage Vd increases. This mechanism as a function of Vd is shown in Figure 3.14.
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Figure 3.10 MOSFET model biased at Vg ¼ 0.0 V and Vd > 0.0 V showing
the BTBT Itun current and associated parasitic bipolar
transistor
� 2009 Elsevier. Reprinted with permission from Reference 3.46
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Although the physical channel length is L ¼ 10 nm, the effective or electrical
channel length, which here is taken as the barrier length Lb, is shorter. It goes from
7 nm at Vd ¼ 0.0 V down to 5.7 nm at Vd ¼ 1.2 V. This potential barrier length is
within the range where source-to-drain tunneling is observable [3.48, 3.49], i.e.,
shorter than 10 nm. In order to investigate the contribution of impact of source-to-
drain DT transport with respect to thermal-based transport, a double gate MOSFET
structure with a silicon body thickness tSi of 5 nm and different channel length L
was simulated with the Vienna-Schrödinger-Poisson (VSP) module of the gtsFra-
mework simulation tool [3.50]. The VSP is a general-purpose semiconductor
device simulator, which includes quantum mechanical solvers for both open- and
closed-boundary conditions, and outputs information such as the wavefunction and
tunneling transport parameters, for instance. The implemented device for simula-
tion is shown in Figure 3.15. Two main charge transport mechanisms lead to the
channel current: thermal and source-to-drain DT. The first process is basically
dominated by diffusion of carriers excited in the source side and moving to the
drain side over the energy barrier.

The second process, the tunneling transport consists of a direct source-to-drain
tunneling mechanism [3.51] and a thermally-assisted-at-the-source source-to-drain
tunneling [3.52]. In a first approximation, as shown in Reference 3.49, the energy
barrier can be seen as a rectangular-shaped potential with a barrier height Eb and a
barrier length Lb. The direct source-to-drain tunneling may be, in principle,
assumed as a temperature-independent transport mechanism, while the thermal
component is diffusive in nature and thus has a positive temperature coefficient.
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Figure 3.15 (a) Schematic representation of the double-gate simulated MOSFET
device, and (b) energy potential barrier profile at Vg ¼ 0.0 V and
Vd ¼ 1.2 V
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The thermal-assisted tunneling component is a mixture of thermal and DT trans-
port. The VSP simulation of the double-gate n-type MOSFET, biased at Vg ¼ 0.0 V
and Vd ¼ 1.2 V, i.e., the off-state channel leakage current, shows a rapid increase as
the channel length shrinks from 80 nm down below 10 nm as shown in Figure 3.16.
The off-state leakage channel current Idn has been normalized to its value at L ¼ 80
nm. From 80 nm down to 40 nm an exponential increase of the leakage current is
observed, which is attributed to DIBL-based thermal and source-to-drain tunneling.
The pure direct source-to-drain leakage component is extracted from the total
leakage current and plotted as a percent on the right axis. The percent tunneling
component starts to show up at L ¼ 15 nm with a 3.6 per cent of the total leakage
current. At L ¼ 10 nm the tunneling contributions amounts to 38 per cent of the
total leakage current, and reaches 96 per cent for L ¼ 6 nm. The percentage com-
ponent of tunneling mechanism on the leakage current is also a function of tech-
nology parameters, such as doping, gate oxide thickness, and gate material. In
general we consider that for gate lengths shorter than 10 nm, the source-to-drain
DT component amounts for the 50 per cent of the total leakage current.

There are three tunneling current mechanisms in a nano-scaled MOSFET: the
tunneling through the gate oxide, the tunneling from source-to-drain, and the tun-
neling through the reverse-biased drain-bulk junction. All these mechanisms con-
tribute to parasitic leakage currents under DC conditions.
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Now we analyze the impact of one of these tunneling currents, the reverse-
biased drain-bulk tunneling current, on the microwave performance of a MOSFET
up to 40 GHz.

The drain-bulk tunneling current Itun is placed at the drain terminal, which
should impact the output impedance as shown in Figure 3.10. For showing the case
we use the same device as that described in Figure 3.7.

By measuring the S-parameters of the MOSFET biased at Vg ¼ Vd ¼ 0.0 V, we
observe that an additional admittance should be included in the RF MOSFET
equivalent circuit model if the BTBT effect is to be accounted for. Such an
admittance accounts for the parasitic current introduced by the BTBT current Itun.
The measured RF MOSFET has a mask length L ¼ 100 nm and two gate fingers
(NF ¼ 2), with finger width Wf ¼ 5, 10, 15, and 20 mm, respectively. The S-para-
meters are measured at Vg ¼ 0.0 V and Vd ¼ 0.3, 0.55, 0.8, and 1.05 V. At the Vg ¼
0.0 V condition there is no channel formation, so there is no impact of any parasitic
current at all. The equivalent circuit of the MOSFET biased at Vg ¼ 0.0 V including
the intrinsic and extrinsic components is shown in Figure 3.17.

The parasitic source, gate, drain, and bulk resistances are given by Rs, Rg, Rd,
and Rb, respectively. The other two extrinsic parasitic components are the source-
and drain-bulk junction capacitances, Cjs and Cjd, respectively. The intrinsic part of
the MOSFET is represented by the three capacitances, Cgs, Cgd, and Cds, and a
complex admittance g�

tun, associated with the BTBT Itun current. As Vg ¼ 0 V all the
extrinsic parameters are considered as drain bias-independent components [3.53].
Because of the high doping of the p–n junctions, the drain and source junction
capacitances, as well as the substrate resistance, are also considered as bias-inde-
pendent [3.54]. The equivalent circuit of Figure 3.17 is then used to extract the
substrate parameters. Under the cold-FET condition, i.e., Vd ¼ 0.0 V, the effect of
g�

tun is neglected, which allows to rearrange the equation for the real part of Z22 in
the following form:

w2

Re 1
Z22

� � � Rbw2 þ 1

C2
jdRb

(3.16)

where w is the angular frequency in radians. From this equation Rb and Cjd are
readily obtained from the slope and the intercept with the abscises of a linear

Rg

Rs

Cgd
Cds

Rb

Cjd

Cjs s/b

g*tun
Cgs

RdIntrinsic MOSFT
g d

Figure 3.17 Equivalent circuit model for the RF MOSFET biased at Vg ¼ 0.0 V
and Vd > 0.0 V
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regression of the measured w2/Re(1/Z22) versus w2 data. The effect of these extracted
parameters is removed from experimental data by applying the following equation:

YA ¼ Ymeas �
0 0

0
w2C2

jdRb

1 þ w2C2
jdR2

b

þ jwCjd

1 þ w2C2
jdR2

b

2
4

3
5 (3.17)

where Ymeas is the Y-parameter matrix obtained from the direct transformation of
measured S-parameters into Y-parameter data, whereas YA is the Y-parameter
matrix after removal of Rb and Cjd effects. The bias-dependent source and series
resistances are then obtained by using the method proposed in Reference 3.33, and
their corresponding effect de-embedded from experimental data by applying the
following equation:

Z� ¼ ZA � Rg X � jwCjsRsX
X � jwCjsRsX Rd

	 

(3.18)

where

X ¼ Rs

1 þ w2C2
jsR

2
s

(3.19)

ZA is the Z-parameter transformation of YA and Z� is the corresponding Z-parameter
matrix after removal of the extrinsic resistances effect. Due to the device symmetry
Cjd � Cjs. Now that the effect of the extrinsic parameters has been removed from
experimental data, the extraction of parameters is focused on the intrinsic
MOSFET. The intrinsic MOSFET behavior is considered as pure capacitive even
for high Vd values, which makes the real part of the intrinsic Y-parameters
approximately equal to zero. However, the measured real part of the intrinsic Y �

22
parameter shows a frequency dependence as shown in Figure 3.18.

A sinusoidal behavior of Re(Y �
22) is fitted to the measured data, which suggests

an additional current is flowing from the intrinsic drain toward the source, in par-
allel with Cds. Then, this current needs to be added to the equivalent circuit model.
As demonstrated in Reference 3.46, such a current corresponds to the BTBT tun-
neling Itun current.

According to the equivalent circuit in Figure 3.17, when g�
tun is connected in

parallel with Cds, the admittance Y �
22 can be expressed as

Y �
22 ¼ g�

tun þ jw Cds þ Cgd

� �
(3.20)

where g�
tun is the admittance associated to the BTBT Itun current given by [3.55]

g�
tun ¼ gtune�j wt0�p

2ð Þ (3.21)

where gtun and t0 are, respectively, the magnitude and the phase delay introduced
by the BTBT effect. Y �

22 has real and imaginary parts, which allows the BTBT
admittance to be modeled as

g�
tun ¼ gtun cos wt0 � p

2

� �
� jsin wt0 � p

2

� �h i
¼ gtun sin wt0ð Þ þ jcos wt0ð Þ½ �

(3.22)
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From (3.20) and (3.21) the real part of Y �
22 is indeed represented by a sinusoidal

function

Re Y �
22

� � ¼ gtunsin wt0ð Þ (3.23)

It is now evident that both gtun and t0 are directly determined from the mag-
nitude and phase velocity of a sinusoidal fitting of the measured Y �

22 as shown in
Figure 3.15, where gtun ¼ 60 mS and t0 ¼ 28 ps. With these extracted values, the
intrinsic capacitances are directly obtained from the imaginary part of the intrinsic
Y-parameters.

The BTBT current density JBTBT or Jtun generated at the reverse-biased drain-
bulk junction is given by [3.56]

Jtun ¼
ffiffiffiffiffiffiffiffi
2m�p

q3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNa Vdsþybið Þ

�Si

q
Vd

4p3h
ffiffiffiffiffi
Eg

p exp � 4
ffiffiffiffiffiffiffiffi
2m�p

E1:5
g

3qh
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNa Vdsþybið Þ

�Si

q
0
B@

1
CA (3.24)

where Na is the bulk doping concentration, ybi is the built-in potential of the drain-
bulk junction, eSi is the silicon relative permittivity, q is the fundamental charge, m�

is the electron effective mass, h is the Planck constant, and Eg is the energy
bandgap of silicon.

In order to verify BTBT is occurring at the drain–bulk junction and that the model
of (3.24) applies, the different currents flowing through the circuit model of

Frequency f (GHz)

Experimental data
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τ0 = 28 ps
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(Y

* 2
2)
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Figure 3.18 Measured Re(Y �
22 ) as a function of frequency. A sinusoidal function,

represented by the solid line, is fitted to the experimental data
� 2009 Elsevier. Reprinted with permission from Reference 3.46
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Figure 3.10, i.e., Isource, Ibulk, and Idrain, were measured at Vg ¼ 0.0 V and Vd varying
from 0.0 to 1.0 V. Under this condition there is a lack of channel formation, but then
the pBJT activates when the Itun current is fed through its base (p-type substrate). The
Itun current is then amplified by the transistor b gain factor, which is then measured at
the source and drain terminals. Thus the collector (drain) parasitic bipolar current Ic

can be modeled by including the b gain factor into (3.23). The drain and source
currents are then defined as Idrain ¼ Ic þ Itun and Isource ¼ Ie, with Ie as the emitter
current. For b>> 1, Ic � Ie, which results in Itun ¼ Idrain � Isource. Using the procedure
to extract the pBJT current gain factor introduced in Reference 3.34, the b¼ 16.2 for
L¼ 100 nm, while it reaches a value of 31 for L¼ 70 nm, and a value of 130 for L¼ 60
nm. The bipolar b gain factor increases as the base width reduces. The base width
happens to be the MOSFET gate length L; therefore, the shorter the MOSFET gate
length L, the larger is the parasitic b gain factor.

The extracted Itun current, when compared with the calculated value using the
model of (3.24), shows an excellent correlation as depicted in Figure 3.19.

Comparing the measured real and imaginary parts of the MOSFET output
impedance with the simulated data further validates the parameter extraction pro-
cedure, when using S-parameters, to detect the presence of BTBT. The simulations
were performed with HSPICE. The results are shown in Figure 3.20.

Above 10 GHz the inclusion of BTBT considerably improves the matching
between experimental and simulation results for the real part of Z22. When no
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Figure 3.19 Measured (open squares) and simulated (solid thick line) results of
the Itun current for a (W/L) ¼ (2 mm/60 nm) n-type MOSFET
� 2009 Elsevier. Reprinted with permission from Reference 3.46
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BTBT is considered an almost frequency-independent curve is obtained. In con-
trast, below 10 GHz the MOSFET intrinsic part shows a higher impedance when
biased at Vds > 0.0 V, which is not accounted for in conventional models yielding
an underestimation of this parameter. Although the incorporation of the BTBT
effect improves the simulation results, the inclusion of additional components may
be necessary to improve the model for frequencies below 10 GHz.

So far the use of high-frequency, or RF, measurement methods have been
shown as an alternative or nonconventional way to DC-based methods to extract
parasitic components, such as the series resistances or capacitances, or even the
BTBT effect. In these examples only a single gate length MOSFET is required to
extract parasitic components in contrast to DC-based methods that require an
L-array MOSFET structure. Now a very particular or nonconventional DC-based
method, where the drain-bulk junction is forward-biased is introduced.

A negative resistance device (NRD) is recreated by using a MOSFET with the
voltage at the drain-bulk junction swept in the forward direction, the voltage at the
bulk is grounded, the voltage at the source-bulk junction is set in the reverse
direction, while the key condition is to leave the gate electrode floating or con-
nected to a zero-current source, which acts as a voltmeter. Under these conditions
the Id–Vd characteristics of a high-k oxide metal gate n-type MOSFET with a 2-nm-
thick oxide and a (W/L) relation of (1 mm/34 nm) are measured and shown in
Figure 3.21.
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Figure 3.20 Measured and simulated output impedance of a MOSFET with and
without considering BTBT at the reverse-biased drain-bulk junction
� 2009 Elsevier. Reprinted with permission from Reference 3.46
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Notice that at �Vd ¼ 0.7 V, Id ¼ Ip ¼ 455 mA, and rolls down to Id ¼ Iv ¼
82 mA, which gives a peak-to-valley current ratio (PVCR) ¼ 5.5. The measured
gate floating voltage Vg has a positive value until Ids rolls down. The shape of the
Vg–Vd curve follows that of the electrons pumped from the forward-biased drain-
bulk junction into the surface channel, which forces charges to diffuse from drain to
source, where they are pulled out to the source contact by the action of the reverse-
biased electric field in the source-bulk junction. As the gate is floating, the charge
pumped into the channel modulates the gate voltage, and thus we define this as a
charge-effect transistor action, in contraposition to the conventional field-effect
transistor action. In the low Vd charge-pumping regime, 0 to 0.4 V approximately,
the channel operates in the weak to moderate inversion region. For higher Vdb

voltages the channel slightly enters into the moderate-to-strong inversion region,
but the whole drain-bulk junction starts entering into the forward regime, which
pulls charges from the surface channel down to a sub-surface conduction path as
shown in Figure 3.22. The gtsFramework simulation tool is also used to calculate
the Id –Vd characteristic curve at Vs ¼ 1.0 V as shown in Figure 3.23. The simulated
device current Id (circles in Figure 3.23) does not agree in magnitude but matches
the shape of the experimental result. However, what is most relevant is the
electron distribution as shown in Figure 3.22, which confirms an electron flow
distributed across two paths. There is a surface path, in this simulation case located
at y ¼ 0 nm, which is basically controlled by a field-effect transistor action. There
is a sub-surface path located at and below y ¼ 5 nm, where most of the bipolar
action of the forward D-B diode takes place.

In a real-life device operation, these two current paths do not exist as parallel
connected paths, but as a distributed current all along the Si–Gate Oxide interface
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down to the bottom plate of the source and drain junctions. Therefore, it can be
readily observed that the negative resistance effect comes from the composition of
a close-to-the-surface current path, which gives rise to the current bump, and a
diode current component below the surface. At low �Vd voltages the surface path
activates resulting in a surface current controlled by the Field-Effect conduction
mechanism. As �Vd approaches the forward-biasing point of the Drain-Bulk
junction, the sub-surface path starts conducting, which pulls electrons from the

(a)

Surface

Sub-surface
(b)

Figure 3.22 Numerical simulation of the electron distribution n for (a) �Vd ¼
0.2 V and (b) �Vd ¼�1.0 V. For case (a) electrons are confined in a
surface channel, while for case (b) the electrons spread out in a sub-
surface path
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Figure 3.23 Simulated results of the �Id (circles) current and floating gate
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continuous lines without symbols show the experimental results
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surface turning off the surface path, and turning on the sub-surface path. The sub-
surface path is controlled by a bipolar conduction mechanism. Due to the forward-
biased D-B junction, the electrons are withdrawn from the surface down to the
sub-surface path, which reflects into an excursion of the floating gate voltage from
positive to negative values [3.57].

The reverse-biased S-B junction electric field pulls the electrons injected by
the drain. Then the higher the Vs voltage, the higher the collected Id current as
shown by experimental results in Figure 3.24. As seen from Figure 3.24 the PVCR
can be modulated from about 3.0 to 5.5 by the action of the source voltage Vs. If
both transport mechanisms, diffusion and drift, are active players, then one should
expect that a rising of the local temperature will increase the diffusion and will
decrease the drift component [3.58]. The other way around will happen if the local
temperature decreases.

Figure 3.25 shows the experimental results of �Id for T ¼ 325 K, 300 K, and
275 K [3.59]. In the 0.0–0.8 V �Vd range �Id increases with T, which is a char-
acteristic of the diffusion process. This temperature-dependent mechanism is
shown through DIds ¼ (Ids@T 6¼ 300K � Ids@T¼300K)/Ids@T 6¼ 300K shown at the right
axis of Figure 3.25. Around the peak to valley current transition, the DId factor
shows a change of sign indicating the presence of a drift mechanism, which cor-
responds to the strong inversion of a MOSFET device. At �Vd above 0.9 V the
DId switches back to a similar trend as in the first region (0.0–0.8 V), which is an
indication of a prevalence of diffusion over drift. Around �Vd ¼ 0.7 V where
DId ¼ 0 both diffusion and drift compensates each other. The simulated results
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(symbols in Figure 3.25) do not match quantitatively the experimental data,
but they qualitatively probe the combination of drift and diffusion transport
mechanisms.

The qualitative match between experiment and simulations is further tested
with the experiment shown in Figure 3.26, where the two conduction paths, a
surface and a sub-surface path, are demonstrated. While measuring the Id current,
the sub-surface path is blocked by putting the bulk in high impedance condition
(Ib ¼ 0 A). This leaves only the surface path conduction active (dash-dotted line in
Figure 3.26). This reproduces the activation of the surface channel with a peak
current. By putting the source in high impedance condition (Is ¼ 0 A), the expo-
nential drain-bulk sub-surface current path is then activated, while the surface
path gets blocked. The summation of both reproduces the negative resistance
effect.

This alternative or nonconventional bias condition allows extract information
from devices, that other way is not possible. This is the case of the identification of
surface and sub-surface conduction paths in the MOSFET. Other interesting
finding is the recreation of an NRD implemented with a single MOSFET without
the use of quantum tunneling mechanism as required for this effect [3.60]. From
the electrical modeling point of view, this NRD can be viewed as the parallel
connection of a surface MOSFET and a sub-surface drain-bulk junction (bipolar
conduction).
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3.2 Reliability, degradation, lifetime prediction, and failure

3.2.1 Bias temperature instability of high-k materials
beyond HfO2

One of the major reliability concerns regarding the long-term performance of
modern N- and P-type MOSFET devices is bias temperature instability (BTI),
which predicts the ability of these devices to withstand any change or shift in
the threshold voltage Vth, mobility, drain current Id, transconductance, etc., of the
transistor under high bias and temperature conditions over time. Even though the
last decades have seen a lot of research effort devoted to the final fabrication of
MOSFET devices with outstanding electrical performance, the long-term operation
of transistors shows that their original performance is highly degraded thus
affecting circuit performance and, therefore, its reliability. This takes special
importance if we consider the aggressive scaling down of the MOSFET geometry
(down to nanometer dimensions), the replacement of conventional materials for
metal gate and high-dielectric constant materials (decreasing the physical quality of
a standard SiO2/Si interface), increased operation temperatures and also the intro-
duction of complex three-dimensional geometries (FinFET structures with multiple
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Figure 3.26 Measured drain current with source floating (Id@Sfl) at Vb ¼ 0.0 V,
with bulk floating (Id@Bfl) at Vs ¼ 1.0 V, and the summation of both
currents Id
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gates for the sub 22 nm technology nodes) in which more than one crystalline plane
of the semiconductor substrate is able to contribute specific densities of charge
during FET inversion. All of this has resulted in an increase of the electric fields
developed throughout the biased regions of the MOSFET devices and, therefore,
making BTI characterization and important tool in order to predict the long-term
operation of the FET under consideration.

BTI characterization uses positive or negative biasing depending on which type
of transistor is characterized: positive BTI (PBTI) for N-type MOSFET and negative
BTI (NBTI) for P-type MOSFET. This way, both PBTI and NBTI deal with the
continuous degradation of the transistor in inversion mode and with an oxide electric
field which is usually lower than the required for hot carrier degradation. In this
section, we will mostly show the effect of PBTI and NBTI characterization with
respect to the shift in threshold voltage Vth and another important parameter known
as density of states Dit. Correlating BTI to Vth and Dit is quite important since we will
be able to examine some features of the continuous stressing of the gate oxide (BTI)
to the degradation in the MOSFET operation (Vth shift) and also to the resulting
quality of the gate oxide interface with the semiconductor substrate (Dit). Given that
the gate oxide of modern transistors is now based on alternative materials (mostly
binary oxides with high dielectric constant, better known as high-k), the reduced
physical and electronic quality of a high-k/Si interface is then prone to an increase in
the degradation of the MOSFET device after BTI characterization and we will show
some of these phenomena in the following paragraphs. This way, BTI could be
simultaneously related to important operative and physical parameters of the
MOSFET device during continuous stressing by inverted carriers (coming through
the gate oxide/semiconductor interface). This continuous degradation could be low
enough to make the MOSFET device still useful when embedded to particular circuit
applications until failure occurs. In this sense, the lifetime prediction of the MOS-
FET parameters after BTI is also important and we will also show some of these
important lifetime predictions, useful to guarantee the continuous operation of the
transistor to a certain extent or condition.

The basic biasing configuration for BTI characterization in MOSFET devices
is shown in Figure 3.27, in which the gate terminal of a MOSFET device is posi-
tively (PBTI) or negatively (NBTI) biased in order to form an inversion channel
connecting source and drain. With the exception of the gate, all the other terminals
are grounded. Generally, BTI characterization is done under direct current dc
conditions (constant gate voltage stress) but alternate current ac conditions are also
used (along with specific waveforms and frequencies) in order to characterize the
dynamics of charge trapping and its influence on MOSFET degradation.

By continuously stressing a MOSFET transistor with a positive or negative
bias in inversion mode, a progressive shift in the threshold voltage Vth of this device
will be observed, whereas the degree of displacement for this parameter (and many
others) is greatly influenced by temperature. It is the type of charge in the inverted
channel (electrons or holes), its density (related to a gate area of the transistor, gate
voltage Vg > Vth), and the duration of stress that dictates the initial direction and
amount of Vth shift during BTI. By looking at the PBTI configuration during
stressing of N-type MOSFET devices, we notice that are mostly inverted electrons
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the charge being attracted and trapped in the gate oxide (whether at the interface
with silicon or in the bulk of the oxide). Trapping of a high enough density of
negative charge in the gate oxide will produce a positive shift of the MOSFET’s
threshold voltage which in turn, decreases its transconductance (gm), increases
power consumption, increases the original density of states Dit, and in general, it
lowers the reliability of the device, see Figure 3.28a. We can see that PBTI in
N-type MOSFET devices effectively induces a positive shift in Vth which in turn
will greatly reduce the transconductance gm of the transistor when compared to the
original (fresh) condition. On the other hand, if only holes were the major charge
being trapped in the gate oxide (mostly from the metal gate being positively
biased), a negative shift of Vth is expected which in turn would increase the trans-
conductance of the MOSFET device (see Figure 3.28b).

It is, however, the continuous trapping of inverted electrons or inverted holes
(negative and positive charge) that causes a lot of electrical instabilities during BTI
and this directly affects the performance of MOSFET devices not only in terms of a
shifted Vth or transconductance but also on the creation of more defects that are
directly related to the quality of the gate oxide material and its interface with the
semiconductor substrate. Figure 3.29 clearly shows the exponential trend in Vth and gm

degradation of a P-type MOSFET device (based on a dry-thermal SiO2 as gate oxide)
when subjected to continuous stressing during NBTI conditions [3.61, 3.62]. This
general trend is seen in most of the reported BTI results obtained from conventional or
advanced MOS structures (using SiO2/Si or the most recent high-k/IL/Si structures)
and it could greatly reduce the desired lifetime of the device when considering deeply
scaled down transistor geometries along with advanced materials.

From a physical point of view, degradation in MOSFET devices by BTI
initially occurs by the continuous trapping of inverted charge (which in turn, locally
modifies the energy gap of the gate oxide), creation of interface traps, increase in
the density of a fixed oxide charge and, if we look at the atomistic origin of BTI
degradation, by the continuous breaking of initially passivated Si–H chemical
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Figure 3.27 (a) PBTI biasing scheme for characterization of N-type MOSFET; we
notice an inverted channel formed of electrons. (b) NBTI biasing
scheme for characterization of P-type MOSFET; we notice an
inverted channel formed of holes. In both cases, all other terminals
are grounded
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bonds at the gate oxide/silicon interface, breaking of additional chemical bonds at
the high-k/interfacial layer (IL) interface, among other phenomena [3.63–3.68].
Given the vast amount of experimental conditions dealing with the proposed phy-
sical mechanisms related to degradation of MOSFET devices by BTI character-
ization (from atomistic/chemical to modeling/simulation approaches), we strongly
recommend reading those excellent reviews that are already published in literature.
Here, we will focus on the discussion of BTI applied to long-channel MOSFET
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Figure 3.28 (a) Simplified drain current versus gate voltage (Id–Vg)
characteristic for an N-type MOSFET device in which a fixed amount
of trapped negative charge shifts the threshold voltage to the right of
the curve (positive shift). (b) Id–Vg characteristic for an N-type
MOSFET device in which a fixed amount of trapped positive charge
shifts the threshold voltage to the left of the curve (negative shift).
For both conditions, BTI would greatly affect a MOSFET device in
the subthreshold mode of operation because of the exponential
dependence of drain current to gate voltage
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devices, which make use of advanced metal gate/high-k materials that are well
beyond HfO2-based configurations, and whose emphasis is in the close relationship
between both Vth and Dit during BTI stressing. With this in mind, a brief intro-
duction to high-k materials is provided.

The use of high-dielectric constant materials (mostly HfO2) as the replacement
for ultra-thin SiO2 in the most advanced MOSFET devices (from planar MOSFET to
FinFET architectures) has based their success in the reduction of an exponentially
increased gate leakage current (Ig) by means of increasing their physical thickness
(Thk) while maintaining a high enough gate capacitance for proper formation of an
inverted channel at relatively low gate voltages (‘‘off’’ to ‘‘on’’ transition). A metal
gate is also used on top of the high-k material in order to prevent the effect of poly-
silicon depletion and in general, is this metal gate/high-k combination, the actual
structure that is found in the most advanced transistor devices since their commercial
introduction back in 2007 and up to now [3.69–3.71]. Nevertheless, the replacement
of HfO2-based materials as the gate oxide in the most advanced MOSFET devices is
now foreseeable given the aggressive scaling down of its physical thickness (less
than 4 nm), and therefore, the unavoidable appearance of higher levels of gate
leakage current Ig that were initially reduced by this material. Since a higher level of
Ig directly increases BTI-related degradation of MOSFETs (shifts in Vth, gm, mobi-
lity, Dit, etc), it is important to explore other high-k materials with enhanced physical
parameters able to reduce BTI-related degradation.

La2O3 has one of the largest bandgap values from the rare earth oxides (Eg ~ 5 eV),
while also having the lowest lattice energy and a relatively high dielectric constant,
e¼ 27 [3.72, 3.73]. The use of La2O3-gated MOSFET devices will significantly reduce
gate leakage-current density (especially true for N-type MOSFET devices), this is
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Figure 3.29 Vth shift and gm degradation induced by NBTI over stressing time
(Vg ¼�2.3 V, T ¼ 100�C, L ¼ 0.1 mm, Tox ¼ 2.2 nm, dry-thermal
SiO2)
� 2006 John Wiley and Sons. Reprinted with permission from Reference 3.62
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because of its larger band offset for electrons in the conduction band of silicon as
compared to HfO2, see Figure 3.30. Figure 3.31 clearly shows that La2O3 poses the
great advantage of reduced leakage current for the same equivalent-oxide thickness
(EOT) when compared to other high-k materials like Hf-based oxides [3.74–3.78].
Even for EOT below 1 nm (thus having a well controlled thermal stability in order to
minimize the IL between the high-k material and silicon), La2O3 still conserves this
advantage. The SiO2-equivalent oxide thickness EOT can be expressed in terms of the
physical thickness for IL and La2O3 as:

EOT ¼ eox

eIL

� �
tIL þ eox

ehk

� �
thk (3.25)

Because of the larger band offset of La2O3 to the conduction band of silicon, a
reduction of PBTI-related degradation in N-type MOSFET devices should be
expected as compared to HfO2-gated transistors [3.79] when they are stressed under
similar conditions and while having similar EOTs. This is because of the larger
energy barrier seen by electrons in the inverted silicon channel of the La2O3-gated
transistor and which are drawn by a positive bias during PBTI (substrate injection).

Figure 3.32 shows a high-resolution transmission-electron microscopy
(HRTEM) image of an Al/La2O3/Si stacked structure in which sharp interfaces
between the La2O3 and its surroundings are noticed. We are able to distinguish the
crystalline nature of the silicon substrate, the amorphous state for La2O3, and some
polycrystalline faces of the aluminum electrode. It is important to consider that in
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some polycrystalline faces of aluminum are also noticed. In order to
minimize a low-k IL of the metallic electrode with La2O3, inert
electrode materials should be used atop this high-k layer
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order to minimize a low-k IL of the metallic electrode with La2O3 (which could
prevent a desired reduction in EOT for deeply scaled-down devices) inert electrode
materials should be used atop this high-k layer and this issue will be further dis-
cussed in the following text.

In order to obtain high-quality La2O3 films, they are deposited by E-beam
evaporation in ultra-high vacuum conditions (10�8 Pa as base pressure), as shown
in Figure 3.33. There are four compartments to allocate same/different solid sour-
ces at the bottom of the chamber. La2O3 is then bombarded and subsequently
heated by the E-beam, which is located near the source and its beam being con-
trolled by a magnetic sweep controller.

On the other hand, the metal’s work function (fM) is also important when
considering NBTI-related degradation because of the variable energy barrier (fB)
seen by electrons coming from the metal electrode and being injected into the
high-k layer by a negative bias (gate injection condition). This is clearly observed
in Figure 3.34, where a reduction in the gate leakage current density Jg (Ig nor-
malized to gate area) during gate injection is observed by just replacing the gate
electrode from a low to a high work function material (aluminum to ruthenium)
even though the same physical thickness for La2O3 is used (measured by spectro-
scopic ellipsometry). It is interesting to notice that not only lower Jg are obtained
during gate injection when using metals with higher fM (thus minimizing NBTI);
even EOT is enhanced by going well below 1 nm, which is an indirect evidence that
any IL (with low-k) developed at the metal/high-k interface could be minimized. In
this sense, the use of inert metal electrodes for high-k gated MOSFET devices has a
great potential to further scale down the EOT of these devices.

When selecting a metal electrode having any desired work function, not only a
high energy barrier fB is important in order to minimize NBTI degradation. As
stated earlier, the chemical stability of these metals with the underlying high-k
oxide is of the utmost importance in order to obtain reproducible behavior in terms
of flat-band voltage (Vfb) of capacitor structures, and therefore, stable threshold
voltages Vth in MOS transistors. Figure 3.35 shows the capacitance–voltage
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Figure 3.33 Schematic of the La2O3 deposition system using an MBE chamber
and UHV conditions
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characteristics of a wide variety of metal electrodes deposited on top of La2O3 after
post-deposition or post-metallization annealing (PMA).

Large variations in the capacitance–voltage (Cg–Vg) characteristics of La2O3-
based capacitors are observed when different metals are used as gate electrodes:
positive or negative Vfb, low or high hysteresis during double Vg sweeps, slow or
fast transitions from the inversion to the accumulation regimes (an indirect indi-
cation of surface states Dit), etc. Importantly, the thermodynamic stability of the
metal electrodes when subjected to a PMA could also be estimated by the obser-
vation of any possible displacement from the original Cg–Vg curve (with PDA
only). From all these metals, we can see that tungsten is the more stable in terms of
producing similar Cg–Vg characteristics when the capacitors follow a PDA or PMA
treatment. By using tungsten, a material highly valued because of its highly inert
properties (resistance to oxidation even during high temperature conditions),
obtaining MOS devices with EOT < 1 nm can be also guaranteed because of its
ability to minimize any IL (with lower dielectric constant) when in contact to the
gate oxide. Also, tungsten is considered as a mid-gap-metal gate electrode able to
produce ‘‘normally-off’’ N- and P-type channel MOSFETs with low enough
threshold voltages Vth. However, from the viewpoint of process integration, the use
of inert materials as the gate electrode for high-k-gated devices imposes a big
challenge related to the etching of this metal for the precise definition of gate area
patterns having deeply scaled-down areas. This analysis, however, is beyond the
scope of this chapter but it is a research topic that needs to be further investigated
because it will also impact MOSFET degradation during NBTI and PBTI
characterization.

With all the former physical, chemical, and electronic ideas in mind, we will
now show the PBTI/NBTI related degradation of La2O3-gated MOSFETs in order
to obtain any experimental DVth–DDit relationship. First, Figure 3.36a–c shows the
shift in Vth for La2O3-gated N-type MOSFET devices after PBTI (as a displacement
of the drain current Id vs gate voltage Vg) at room temperature and by using three
different constant voltage stress conditions (CVS ¼þ1, þ1.5, and þ2 V, substrate
injection mode). Initial Vth0 ¼ 0.5 V while Vd ¼ 0 or 100 mV were used for all
samples during stressing or Vth measurements, respectively. Please notice that
injected charge density Qinj (in C/cm2) is used instead of stressing time in order to
minimize any variation in DVth by extrinsic fluctuations in Jg.

† Figure 3.36d shows
a summary of the DVth trends observed in (a–c) during different positive constant-
voltage stress CVS and where interesting results are found.

We can see that at the lowest CVS ¼þ1 V, the Vth shifts toward negative
direction in proportion to the duration of stress (or injected charge density Qinj).
When a CVS ¼þ1.5 V is applied to the gate of the transistor, the shift in Vth

continues to increase in the negative direction but is not as pronounced as in the

†By integrating the injected gate current density Jg with stressing time, we are able to quantize the
effective density of charge being injected at the gate oxide. This way, we would be able to measure the
intrinsic capacity of the whole oxide stack for BTI characterization.

224 Nano-scaled semiconductor devices



former case. Interestingly, when a soft-breakdown (SBD) event occurs during the
stressing of the device, the Vth shifts to the opposite (yet expected) direction and the
final Vth is drastically increased. Any SBD event is regarded as an initial failure
mode (which was already described earlier along with other breakdown modes) and
yet, for this particular case of positive stressing of a La2O3-gated MOSFET, the
device continues to operate as a transistor with no appreciable decrease in
the subthreshold slope. When the highest voltage stress conditions are applied
(CVS ¼þ2 V), the Vth shifts to the expected positive direction (because of trapping
of electrons from the inverted channel into La2O3 and its interfaces). It should be
noted that the subthreshold slope (SS) of all Id–Vg curves did not change before or
after stress for any voltage condition, thus suggesting a higher endurance during
BTI degradation even with the appearance of some SBD events. These results are
plotted altogether in (d) but without showing the effect of SBD events on Vth for the
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sake of simplicity. This plot represents the general trend that Vth follows as the
voltage intensity during stress increases from low to higher CVS conditions. Plot-
ting the results shown in Figure 3.36d using |DVth| gives a clear lineal trend of this
parameter with respect to Qinj (only one stressing condition) as shown in
Figure 3.37a. For comparison purposes, |DVth| for P-type MOSFETs (same W/L
ratios) after NBTI is also shown in (b).

Figure 3.37b summarizes the shift in |Vth| (also using absolute value) for
La2O3-gated P-type MOSFET devices after NBTI at room temperature and by
using three different constant voltage stress conditions (CVS ¼�1.5, �2, and
�3 V, gate injection mode). Drain voltages Vd ¼ 0 or 100 mV were used for all
samples during stressing or Vth measurements, respectively. Here, we have also
used injected charge density Qinj (in C/cm2), instead of stressing time. Even though
not shown, all Id–Vg curves were shifted to the negative side as expected, thus
indicating the continuous trapping of holes from the inverted channel (these holes
were detected as the majority carriers within the total gate leakage current after
carrier-separation measurements). We notice that independently of the magnitude
of CVS, all measured samples immediately produced a large shift in Vth even after
the first injection of charge, and all subsequent shifts were always into the negative
direction. An initially large DVth 	 10 mV was kept almost constant for the samples
stressed with low CVS even after injecting large charge densities in the gate
injection condition (up to 20 C/cm2). For the higher stressing condition however, a
slight increase in Vth in proportion to injected charge is observed and this is because
higher gate currents are now injected by this particular biasing (up to 200 C/cm2)
which in turn, activate conduction mechanisms that could promote additional
trapping of holes and therefore, further degradation in Vth. It is important to notice
that even with the largest stressing conditions (able to produce significant shifts in
Vth for both MOSFET devices), the final Vth measured after the largest injection of
charge was kept always below 100 mV in both transistors. This is important con-
sidering that the La2O3 films are intended to be applied in devices with gate voltage
polarizations of Vg 
 1 V, so that even lower shifts in Vth can be expected thus
increasing their lifetimes before any preset condition of failure.

Given that for N-type and P-type MOSFET devices, BTI involves both the
trapping of charge from an inverted channel (minority carriers) and the injection of
charge from the gate electrode, the major contribution for charge trapping (elec-
trons or holes) into the high-k/IL layers is quite important. By using a MOSFET
structure, the total gate leakage current Ig can be separated into its electron and hole
components (Ie and Ih) using the carrier separation method [3.80] and, therefore,
correlate the injection of a specific type of charge during BTI with the observed
shift in Vth as was shown in Figure 3.37a,b. A schematic illustration of the carrier
separation measurement is shown in Figure 3.38a,b for N- and P-type MOSFET
structures, respectively, where the applied gate voltage Vg promotes substrate and
gate injection of electrons (using positive and negative Vg, respectively).

During substrate injection of electrons, a positive voltage is applied to the gate
of an N-type MOSFET, whereas in gate injection of electrons, a negative voltage is
applied to the gate of a P-type MOSFET. This way, the inversion condition can be
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reached for both transistors in order to properly separate the contribution of elec-
tron and hole components on the total gate leakage current. The total tunneling gate
leakage current is then

Itotal ¼ Ig ¼ Ie þ Ih (3.26)

It is important to also consider a low-k IL that develops in between the La2O3

and silicon. Such an IL is the product of a chemical reduction of La2O3 into a
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Figure 3.38 (a) Carrier-separation measurement for N-type MOSFET in
inversion mode (PBTI condition). Both electron and hole current
components are detected at the gate and substrate respectively. (b)
Carrier-separation measurement for P-type MOSFET in inversion
mode (NBTI condition). Although both electrons and holes tunnel
simultaneously through the gate oxide, only the hole current
component tunneling through the oxide is shown for clarity purposes.
With this scheme, the major carrier component for Ig is detected
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lanthanum-based silicate following thermal annealing at relatively low temperatures
[3.81]. This IL is detected after X-ray photoelectron spectroscopy (XPS) measure-
ments and it plays an important role considering that because of this IL, a direct
compromise between EOT and better reliability properties of MOSFET devices (like
BTI characterization) could be observed. In the end, annealing these types of
structures in forming gas atmospheres (containing H2) is often necessary in order to
passivate some of the dangling bonds at the newly formed La2O3–IL and IL–Si
interfaces and therefore, increase their reliability at the cost of an even lower EOT.
Figure 3.39a,b shows the electron and hole current components (tunneling at the gate
of an N-type MOSFET device) after carrier-separation measurements in the (a) fresh
condition and (b) after stress conditions using a positive Vg ¼þ1 V (substrate
injection), such that 180 mC/cm2 were injected into the La2O3/IL oxide stack. For
both cases, a clear contribution of holes is seen as the major component of the total Ig

for Vg 
 0.5 V (as seen by the arrow), which in fact, is the threshold voltage Vth for
these devices. For Vg � 0.5 V, electrons are now the major component of the total
Ig for both conditions. This clear separation of the dominant carrier component in Ig

at different Vg regimes is the origin of the observed negative and positive shift in Vth

for N-type MOSFET devices when using low or high CVS conditions, see
Figure 3.36d. On the other hand, the electron and hole current components (tun-
neling at the gate of a P-type MOSFET device) are shown Figure 3.40a,b. These
carrier-separation measurements are also shown in the (a) fresh condition and
(b) after stress conditions using a negative Vg ¼�1.5 V (gate injection), such that
5 C/cm2 were injected in to the same La2O3/IL oxide stack.

From Figure 3.40a,b, we can see that holes are the major carrier component
tunneling into the La2O3–IL stacked oxide of a P-type MOSFET before and after
stress for almost the complete range of applied gate voltage (gate injection mode).
This in turn, shifts the Vth to the negative side of all the Id–Vg curves (not shown)
during NBTI while this trend is kept almost constant as compared to PBTI condi-
tions for the N-type transistors, see Figures 3.37a,b. We need to remember that,
independently of the magnitude of CVS during NBTI conditions, all P-type
MOSFET devices immediately produced a large shift in Vth even after the first
injection of charge, and all subsequent shifts were always into the negative direc-
tion. Because holes are the major carrier contributors to leakage current during gate
injection and since they have a heavier mass than electrons during conduction, it is
thought that the density of available sites for hole trapping (Nt) during stress is
rapidly filled and saturated after the first injection and trapping of these carriers. In
this sense, identifying the dominant current component (electrons or holes) in the
total gate leakage current Ig, is a powerful tool in order to correlate precise con-
duction mechanisms during BTI stressing of the device and therefore, enabling a
better estimation of lifetime predictions for advanced MOSFET devices. On the
other hand, since substrate injection of electrons (from a strongly inverted channel
into the oxide stack) can severely degrade the MOSFET’s Vth characteristics (as
compared to gate injection, see Figures 3.37a,b) because of a linear increase in
D Vth with stressing time or Qinj, further in-depth studies correlating both PBTI and
NBTI for N- and P-type MOSFET devices are required when considering that both
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types of transistors will share the same electric fields within a single CMOS fab-
rication process (same magnitude of Vdd). This is important since their DVth dis-
tribution over time will be quite different, thus highly affecting the functionality of
an integrated circuit containing mostly N-type MOSFET devices.
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In order to get a physical picture of carrier injection, tunneling, and degradation
mechanisms involved during PBTI or NBTI of La2O3–IL/Si stacked structures,
simplified energy band diagrams for substrate and gate injection conditions are
shown in Figure 3.41a,b. During substrate injection (PBTI for N-type MOSFET), a
positive voltage is applied to the gate and both current components Ie and Ih are
detected as shown previously. From Figures 3.27a,b, we recall that holes are the
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Figure 3.40 Separation of total Ig into its hole and electron carrier components
(Ih, Ie) for an P-type MOSFET (a) before and (b) after constant
voltage stress. In both cases, holes are the major tunneling carriers
for almost the complete range of applied gate voltage so that DVth is
always in the negative direction (hole trapping)
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major tunneling carriers for Vg 
 0.5 V, whereas electrons are the major con-
tributors to gate leakage current for Vg � 0.5 V. Now, by looking at the corre-
sponding energy diagram in Figure 3.41a, we notice that at an initially low positive
potential þVg, the injection of electrons from an inverted silicon surface should be at
a minimum because this current component Ie, ‘‘sees’’ a double oxide stack whose
total thickness is composed of the IL and the La2O3 whose conduction band is
lightly bended downward because of the low þVg applied. Once this þVg is high
enough in order to increase the potential of the electrons at the inverted silicon
surface, they could be able to tunnel directly through the IL and into the conduction
band of La2O3 (which should be strongly bended downward because of a greater
þVg) by means of a Fowler-Nordheim, Poole-Frenkel, or even TAT mechanism
(given the defective nature of the La2O3–IL interface). At the largest þVg applied,
the electrons become the major current component of Ig and this condition seems to
apply when Vg � Vth � 0.5 V.

The origin of Ie then comes from the tunneling of electrons through the La2O3–
IL stack. The source for these electrons is the S/D regions that are connected once
the channel is formed at sufficiently positive Vg. Determining the origin of the hole
current Ih, is not so straightforward. Because of the metallic tungsten gate, the
possibility of cold or hot-hole injection from the gate is eliminated. The possible
mechanisms that could explain the origin of Ih are (1) anode–hole injection (AHI),
(2) electron–hole (e–h) pair generation in the oxides’ bulk/interface via trap levels
(TL), (3) tunneling of valence-band electrons from the substrate directly into the
La2O3 conduction band (leaving holes behind) or via TL, and (4) generation-
recombination currents after impact ionization of electrons. It is thought that hole
creation via (1) AHI (injected electrons from the substrate generate holes at the
anode that can tunnel back into La2O3) and consequent (2) e–h pair generation via

Electron

(a) (b)

Hole

W La2O3 IL p-Si

Ih+ Ih+

Ie–

Ie–

IL

n-Si

La2O3W

Electron
Hole

Figure 3.41 (a) Simplified energy band diagram for W/La2O3–IL/pSi (N-type
MOSFET) under substrate injection conditions. (b) Simplified energy
band diagram for the same W/La2O3–IL/nSi structure (P-type
MOSFET) under gate injection conditions. In both diagrams, the
major electron and hole currents are shown
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TL within the bulk/interfaces of La2O3 are the more plausible mechanisms for the
origin of Ih because of the highly defective nature of La2O3 after its deposition
[3.82], which in turn creates a high density of trap levels. With the application of a
continuous electrical stress, more traps or defects within the insulator are created
[3.83] which can be filled with the corresponding carrier component depending on
the magnitude of þVg.

During gate injection (NBTI for P-type MOSFET), a negative voltage is applied
to the gate and (according to Figure 3.41b), even though some electrons can tunnel
into the conduction band of La2O3 via Fowler-Nordheim mechanism, the major
component of the total Ig is the hole current Ih, which has been detected for almost all
range of applied –Vg, see Figures 3.40a,b. A heavier effective mass for holes (m�

h)
during conduction would enable a rapid filling/saturation of the available sites for hole
trapping during stress after the first injection of these carriers. This would create a
large shift of Vth during the initial stages of injection and keep DVth almost constant
with any subsequent injection. In fact, this has been observed in our samples where a
DVth 	 10 mV was kept almost constant even with higher degrees of injected charge
Qinj, see Figure 3.37b. The origin of Ih also comes from the tunneling of holes through
the La2O3–IL stack and then into the valence band of La2O3. The source for these
holes is the S/D regions that are connected once the channel is formed at sufficiently
negative Vg. Given a larger band offset of La2O3 with the valence band of silicon (with
respect to its band offset in the conduction band), the hole current component Ih,
should ‘‘see’’ the double oxide stack (composed of the IL and the La2O3) for the
complete range of –Vg applied. Because of the continuous trapping of holes at the
La2O3 bulk and/or its interface with the IL, a localized modification of the energy
band diagram at the trapping location or trap energy level Et could be expected. This is
important since significant variations in the total gate leakage current Ig (when holes
or electrons are the major tunneling components) could increase or decrease the power
consumption in the long term along with a higher/lower degree of Vth instabilities.

By using MOSFET structures during continuous electrical characterization
(like PBTI and NBTI) we are able to extract many device parameters and correlate
them together in order to highlight specific physical mechanisms leading to
degradation. Density of interface states Dit, which is a parameter related to the
density of dangling bonds at the insulator/semiconductor interface, could be then
extracted and correlated to the shift in Vth after continuous stressing of the tran-
sistors during BTI. This correlation between DVth and DDit is quite important since
it can give us an idea with respect to where is the damage more concentrated during
BTI, at the La2O3–IL or IL–Si interface.

Figure 3.42a,b shows the correlation between DVth and DDit for N-type
MOSFET device after PBTI conditions (similar transistors were measured for Vth

and Dit). As shown earlier, Figure 3.42a shows a linear relationship between DVth

and the injected charge density Qinj. On the other hand, Dit shows no change when
using the same log-log plot and the same levels of Qinj. From these results, it is
thought that the origin of DVth for N-type MOSFET devices is then related to a
progressive trapping of carriers (holes for low þVg and electrons for higher þVg

applied, as shown by carrier-separation measurements) at the bulk of La2O3 and/or
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Figure 3.42 (a) Vth shift for a W/La2O3–IL/pSi structure in a N-type MOSFET
after substrate injection. A linear DVth–Qinj relationship after stress
is observed. (b) Dit shift with Qinj for a similar transistor. From these
data, no correlation between DVth and DDit is observed for the same
densities of injected charge
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at the La2O3–IL interface. With substrate injection during PBTI, the defect pro-
cesses generated during stress are therefore affecting regions far from the silicon
surface and its interface with the initial IL. However, even though Dit does not
change with Qinj, its density is close to ~1012 cm2/eV, a large value for this para-
meter. One of the reasons for these high Dit densities could be the generation and
saturation of interface traps created by release of hydrogen at the IL/Si interface
and its subsequent diffusion and trapping into the La2O3/IL interface during carrier
injection (thus shifting Vth to the negative side of an Id–Vg plot as was already
discussed). This is similar to the Reaction-Diffusion (R-D) model [3.64,
[3.82–3.84] which is the most prevalent mechanism regarding NBTI evolution.
Since carrier-separation measurements show that at low þVg, holes are the main
component of gate leakage current, an R-D model would make sense in terms of
hole injection, H–Si bond breaking, hydrogen release at the IL/Si interface, a
subsequent diffusion and trapping into the La2O3/IL interface and finally, a nega-
tive shift in Vth with a constant but large initial density of Dit.

Figure 3.43a,b shows the correlation between DVth and DDit for P-type MOSFET
device after NBTI conditions (similar transistors were measured for Vth and Dit).
Here, we have a different scenario regarding the correlation between DVth and DDit,
where a similar trend is observed between these important parameters following
stressing for the whole range of injected charge (in gate injection). While both Vth–Dit

are kept constant after low stressing conditions, higher –Vg conditions slightly
increases them both. These results indicate that after the injection and continuous
trapping of holes (the major component of Ig after carrier-separation measurements)
into the La2O3–IL interface, the shift of Vth with stress is preceded by the damage
produced by the breaking of H–Si bonds after injection of these holes through the
initial IL–Si interface (thus increasing the density of interface-states Dit). Although
Dit of P-type MOSFETs under gate injection is half that of N-type MOSFET devices,
its density is close to ~5� 1011 cm2/eV, still a large value for this parameter so that an
adequate processing for enhancing the IL/Si interface is required.

PMA of already metalized transistor structures in forming gas atmospheres
(containing H2) is important for the enhancement of the electrical and reliability
characteristics of La2O3-based MOSFETs because of its ability to passivate some of
the broken H–Si bonds. Up to now, we only have used dry-N2-based PMA in our
transistors and the results in terms of DDit during BTI conditions showed constant
and yet high densities of surface-states Dit for both N- and P-type MOSFETs. In
order to reduce the initial density of Si dangling bonds at the IL/Si interface, P-type
MOSFET devices were annealed in forming gas (a mixture composed of 97 per cent
N2 and 3 per cent H2) and then stressed under similar NBTI conditions so that both
DVth and DDit were measured and correlated as a function of injected charge density
Qinj. The results are shown in Figure 3.44a,b, where lower DVth and DDit after NBTI
conditions are obtained using forming-gas based PMA at the same temperature. As
before, identical trends in Vth and Dit shifts after �Vg stress have been found but the
initial levels of both DVth and DDit are lower than those found in N2-based PMA
devices. In the case of surface states, DDit is kept constant at low densities of DDit


 2 � 1011 cm2/eV, which is half of the DDit for N2-annealed MOSFETs.
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Figure 3.43 (a) Vth shift for a W/La2O3–IL/nSi structure in a P-type MOSFET
after gate injection. A slight dependence of Vth on Qinj is observed at
the higher stressing conditions. (b) Dit shift with Qinj for a similar
transistor. From here, a slight correlation between DVth and DDit is
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Figure 3.44 (a) Vth shift for a W/La2O3–IL/nSi structure in P-type MOSFET after
gate injection and forming gas annealing. As before, identical DVth

(Qinj ) behavior is obtained for these transistors but now, the initial
levels of DVth are slightly lower than those found in N2-based PMA
devices. Also, a slight linear dependence of Vth on Qinj is observed
at the higher stressing conditions. (b) Dit shift with Qinj for a
similar transistor also annealed in forming gas. We notice a clear
reduction in DDit as compared to N2-based PMA devices for the same
densities of Qinj. After forming gas annealing, DDit is kept constant
at DDit 
 2 � 1011 cm2/eV
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With the former results, we have demonstrated that forming-gas based PMA is
able to reduce the initial density of dangling bonds so that lower changes in Dit with
stress are obtained. Additional improvements in the reliability of MOS devices have
been found using deuterium (D2, an isotope of H2) in the forming gas atmosphere.
Compared with H2-based annealed samples, D2-annealed gate dielectrics exhibit less
charge trapping, less generation of interface state density, a larger charge for hard-
dielectric breakdown (Qbd), and longer time-dependent dielectric-breakdown char-
acteristics under BTI conditions [3.85]. The improved reliability is attributed to a
higher strength of the D–Si bond, so that a D2-based PMA of high-k/IL stacked
dielectrics on silicon has high potential for integration into ultra large-scale-
integration (ULSI) processes with advanced gate dielectric stacks. This is important
when considering that all transistors operate under dynamic conditions, where both
gate and drain voltages (Vg, Vd) are simultaneously applied to the MOSFET structure
so that an additional injection mechanism for carriers (additional source for oxide
degradation) is involved in the total degradation and early failure of these devices; see
Figure 3.45a where an additional lateral current component Id is observed for N-type
MOSFETs. In other words, the flow of carriers along an inverted silicon surface
toward the drain (by means of an applied Vd) will induce an additional damage at the
IL/Si interface which in turn, increase Dit or the density of more sites for trapping of
carriers with this combined stress. If the magnitude of Vd is high enough, this turns
into severe gate oxide degradation by hot electrons or hot-holes in what is better
known as hot carrier injection (HCI); see Figure 3.45b, where HCI occurs for an
N-type MOSFET under high Vd bias so that highly energetic electrons generate
additional carriers by impact ionization. Since holes are cooler than electrons, hot-
carrier degradation is higher in N-type MOSFET devices. Damage is usually located
at the drain because of larger electric fields.

During HCI, as Vd increases, the electric field in the space charge region at the
drain increases. At high electric field, additional electron–hole pairs can be gener-
ated in the space charge region by impact ionization of highly energetic electrons
(N-type MOSFET). The generated electrons tend to be swept to the drain and gen-
erated holes swept into the substrate for an N-type MOSFET. Some of the electrons
generated in the space charge region are attracted to the La2O3–IL/Si region due to
the electric field induced by a positive Vg; this effect is shown as a red arrow in
3.45b. These generated electrons have energies far greater than the thermal-
equilibrium value and are called hot electrons. With high enough energies, these
electrons are able to tunnel into the oxide stack thus causing serious instabilities in
the long-term performance of transistors. A fraction of the electrons traveling
through the oxide may be trapped, producing negative charge in the oxide and thus a
positive shift in Vth. The probability of electron trapping is usually less than that of
hole trapping; but a hot electron induced gate current may exist over a long period of
time, therefore the negative charging effect may build up. The energetic electrons, as
they cross the first IL/Si interface, can also generate additional interface states due to
a breaking of H–Si bonds. Charge trapping at these interface states causes additional
shift in Vth, additional surface scattering, and reduced mobility. Since hot electron
charging effects are continuous processes, the device continues to degrade with
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operation time, which reduces the useful lifetime of the device. Additional charge
trapping at the second La2O3–IL interface, could lead to the breakdown of the IL,
additional shift in Vth, additional surface scattering and reduction in mobility and
thus, a still lower operational lifetime of the device.

Figure 3.46a,b shows the result of stressing W/La2O3–IL/pSi N-type MOSFET
devices with both Vg and Vd applied during PBTI characterization. Because of a
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Figure 3.45 (a) Schematic of an N-type MOSFET with both Vg and Vd

polarization during stress. The total gate leakage current Ig is now
reduced in proportion to Id (Vd). This lateral current Id, will induce
additional damage at the IL/Si interface thus increasing Dit. (b) Hot
carrier mechanism occurring at the drain side of the transistor
(region with highest electric fields) where additional carriers are
generated by impact ionization. Some of these carriers are injected in
the La2O3–IL/Si structure thus increasing oxide charge and Dit
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low þVg used during stressing the devices (Vg ¼ CVS ¼þ1.0 V), Vth shifts in the
negative direction for all charge injection conditions (as shown in Figure 3.36a,d).

We can see that once Vd is also applied during the stressing of these devices,
the additional damage induced by Vd bias increases the shift in Vth (even though the
total gate leakage current is reduced by Id). With a Vd ¼þ0.5 V, the largest shift in
Vth is obtained even for the smallest densities of injected charge. The high sensi-
tivity of DVth (and DDit as well) with respect to a lateral current Id during BTI
conditions, illustrates the need for a more realistic characterization of degradation
in these devices. Therefore, it is important to include as much degradation factors
as possible when stressing these devices in order to get a more realistic projection
of their operational lifetimes. Once all factors that contribute to electrical degra-
dation are determined, they can be used to obtain more complete models for life-
time projections and even propose enhancement techniques to increase reliability.

Finally, a brief comparison between some performance and reliability properties
of La2O3-gated MOS devices with those of HfO2 can be found in References 3.81,
3.86–3.90 in order to have more details with respect to the high potential offered by
La2O3 in order to replace HfO2 for nodes below 14 nm (logic technology). This is
possible given the ability of La-based and La-silicate IL (sometimes combined with
HfO2) high-k materials to aggressively scale down EOT below the 0.6 nm regime.
However, additional processing of P-type MOSFET devices and the extraction of
their performance and reliability when metal gates with high work functions are used
(suitable for P-type transistors) are required in order to consider La2O3 introduction
into any CMOS processes. Also, a precise control in the thickness and stoichiometry
of any IL developed at the La2O3/Si interface is important because of its role in order
to enhance some performance and reliability characteristics at the cost of a reduced
EOT. The general characteristics of this IL will also depend on the semiconductor
material, which important when considering Ge or even III–V semiconductors.

3.2.2 Hot carriers in nanoscale devices
What can be said about the reliability challenges of future nanoelectronic technol-
ogies? For the near future (10–20 years), nanoelectronic logic devices are expected
to remain FET based. Based on experience of past CMOS technologies, quite a bit
can be said about expectations for the reliability of these devices. Contrary to early
projections, the hot carrier mechanism has proven to be very persistent as technology
scales and power supply voltages are reduced. That hot carrier degradation will
continue to evolve into future FET-based nanotechnology is a reasonable prediction.
Whereas power supply voltage scaling will reduce hot carrier effects, scaling will
also lead to an increase of ballistic and quasi-ballistic transport and carrier–carrier
scattering (CCS), which may exacerbate the effects of hot carriers. But, as we shall
see, many of these trends have already made impacts to CMOS reliability.

3.2.2.1 Device scaling into the nanotechnology regime
Table 3.2 is adapted from the 2013 International Technology Roadmap for Semi-
conductors Emerging Research Devices (ERD) document [3.91]:
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The devices expected to be used in near end technologies (developed over the
next decade or more) are those in the conventional/charge box. The CMOS device
evolution (and plausible extension) into the near end nanoelectronic era suggested
by the 2013 roadmap is [3.92] (Table 3.3).

All of these devices operate by an electrically isolated gate electrode, which
controls conduction into (or out of) a semiconductor – the basic field effect prin-
ciple will still reign for the next few decades!

3.2.2.2 Hot carriers
Hot carrier degradation is an FET mechanism resulting in charge buildup – gate
insulator bulk charge and interface states – at the insulator/Si interface under the
influence of applied drain voltage. The damage is caused by carriers (electrons or
holes) that gain high kinetic energy from the steep potential drop (high electric
field) in the drain region of an MOS device. If carriers gain enough energy to be
injected into the gate oxide or to cause interfacial damage, they will introduce
instabilities in the electrical characteristics of a MOSFET device. The damage is
localized near the drain junction (Figure 3.47).

Table 3.2 Nanoelectronic logic device roadmap. Adapted from Reference 3.91

Structure/Materials

Conventional Novel

Spin wave logic
Nanomagnetic FET
Excitonic FET  BISFET
STMG    All spin logic

Spin FET   NEMS
Atomic switch
Mott FET    Neg-Cg FET

Si FET   NW FET
TFET   n Ge    p III-V
Graphene FET   CNT FET

Charge

Non-charge

State
variable

Table 3.3 Conceptual CMOS device roadmap

Technology node (nm) Device

45 SiOxNy poly-Si gate FET (‘‘Conventional’’ FET)
28/32 HKMG FET
20/22 HKMG FET/FinFET
10/14 FinFET
5/7 III-V (n) and Ge or SiGe (p) FinFET
<5 Si nanowire/CNT/graphene
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The history of hot carrier degradation in CMOS goes back to the 1970s. For
devices of that era, there was no significant quasi-ballistic transport. Carriers
(electrons or holes) gain kinetic energy from transit through regions of high electric
field in the drain region of the CMOS device. If the mean carrier energy is larger
than the thermal energy at the lattice temperature, they are called ‘‘hot,’’ because
historically the carrier kinetic energy was assumed to be distributed with a thermal-
like distribution (‘‘Maxwellian’’) at an effective temperature higher than that of the
lattice. This distribution is in a steady state with the local electric field, and its
effective temperature is dependent on this field. To cause damage, carriers require
sufficient energy. The damage rate is thus dependent on the lateral electric field.
This is the basis of the popular ‘‘Lucky Electron Model’’ (LEM) [3.93].

However, with scaling, quasi-ballistic transport, at least in the region near the
drain, becomes more substantial, and a new picture has emerged, such as the
‘‘Energy-Driven Model’’ [3.94]. The assumption of a Maxwellian-like energy dis-
tribution in steady state with the local electric field increasingly breaks down as the
size of the high field region is scaled below 100 nm or so (roughly 0.25 mm or less
channel length technology), and technology power supply voltages scale down.
Quasi-ballistic transport in the high field region of MOSFETs at modern dimen-
sions has been shown to result in a rather shallow carrier energy distribution
function (EDF) up to the total energy available in the high field region, but then a
steeper tail at higher energies. This sharp downward inflection or ‘‘knee’’ leads to a
hot carrier damage rate that is dependent on the total available energy, not the peak
electric field (Figure 3.48).

3.2.2.3 The lucky electron model
The LEM of C.M. Hu et al. [3.93] has been the dominant guiding principle of most
industry standard hot carrier models and projection methodologies, and is often
misapplied to current technology nodes. The fundamental concept as applied to
silicon can be traced back to Shockley [3.95] as an analogy to the theory of gas
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discharge developed in the early 1900s. [3.96] In a gas discharge, a free electron
travels ballistically in the electric field until it collides with a gas atom, which may
ionize the atom, leading to two free electrons. This process is referred to as ‘‘ava-
lanche breakdown’’. This is why the phrase ‘‘impact ionization’’ is used. The prob-
ability of an electron’s traveling a distance at least d before suffering a collision is,

P dð Þ ¼ e
�d
l (3.27)

where l is called the ‘‘mean free path’’. The electron is assumed to lose all of its
kinetic energy in the collision. Since the energy, E, gained by the electron from the
electric field, F, is E ¼ qdF, the electron energy distribution is given by

f Eð Þ ¼ P Eð Þ ¼ e
�E
qlF (3.28)

This is the basis of the LEM. This distribution has very similar energy
dependence to a thermal, or ‘‘Maxwellian’’ energy distribution with an effective
temperature, TEFF, of

TEFF ¼ qlF

k
(3.29)

This coincidental resemblance to an energy distribution in thermal equilibrium
is the historical reason for the designations ‘‘hot electron’’ and ‘‘hot carrier’’.

Note: The electrons do not actually behave in a thermal way – a thermal
velocity distribution would be isotropic, and the LEM actually assumes purely
ballistic behavior – velocity is strictly along the field direction.

Next, to model either the impact ionization rate, or the hot carrier damage rate,
very sharp energy thresholds are assumed. It is recognized that the electric field is
not spatially constant, so the quantity F is replaced by Fm, the maximum field, since
this is where the rates should peak. Under these assumptions, the ratio of substrate
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Figure 3.48 Quasi-ballistic transport in a modern FET
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current, Isub, to drain current ID (approximately the impact ionization ratio), is
given by

Isub

ID
¼ Ae

�fi
qlFm (3.30)

wherefi is the threshold energy for impact ionization. And the hot carrier rate, defined
as the inverse of the hot carrier lifetime, t, divided by drain current ID, is then

1
tID

¼ Be
�fit
qlFm (3.31)

and fit is the threshold energy for hot carrier damage.
By comparison with photon-induced emission rates, the values of fit and fi

were ‘‘inferred’’ to be about 3.7 eV and 1.3 eV, respectively. Since the peak lateral
electric field is proportional to the drain bias to channel pinch-off drop
VDS – VDSAT, where VDSAT is the potential at the ‘‘pinch-off’’ or ‘‘saturation’’ point
in the channel, the following equation is often used for the impact ionization rate:

Isub

ID
¼ Ae

� b
VDS�VDSATð Þ

h i
(3.32)

A second cruder form of hot carrier voltage acceleration is loosely related:

t � De�
V0

VDS (3.33)

which is also highly used for lifetime extrapolation.

Nonuniform electric fields, limited potential drops, and
quasi-ballistic transport
The lateral electric field in MOSFETs past the saturation point in the channel is
highly nonuniform [3.97], being approximately an exponential function of lateral
distance [3.98]:

F∝e
y
l (3.34)

where l is a scale factor that is roughly on the order of 10 per cent of ‘‘Lnom’’ (the
minimum design channel length for a given MOSFET device design). The length of
the high field region (after the pinch-off or saturation point in the channel) is
somewhat larger than l, but even for devices at the 90 nm node, it is less than
~30 nm, which is short enough for significant quasi-ballistic effects. In addition, the
drain bias is becoming increasingly limited by the scaling down of the power supply
voltage. Many authors under these conditions have simulated the EDF and the
general conclusion is that the EDF develops a significant knee near the maximum
energy available from the steep potential drop at the drain [3.99–3.107]. This is
approximately the potential from the drain to the channel ‘‘pinch-off’’ point [3.101]
(called ‘‘VEFF’’ here). Above this knee, there is a ‘‘thermal’’ tail, which is due to the
interactions of quasi-ballistic carriers with phonons. As CMOS device dimensions
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are made smaller and the supply voltage decreases, the EDF becomes shallower for
E < qVEFF, and the knee near E ¼ qVEFF strengthens. The characteristics of these
EDFs (at about Lnom ¼ 100 nm) are shown in Figure 3.49 for one value of VEFF (cf.
Reference 3.101). If the position is within the neutral drain region, then there will
be a population of cold drain carriers, which can be seen here below 0.2 eV. These
will not contribute to hot carrier effects. The EDF can be fit to an idealized dis-
tribution that is ‘‘LEM-like’’ for E < qVEFF, but is truncated by a thermal tail for
higher energies:

f1 Eð Þ∝ e �cE=qVEFFð Þ; E 
 qVEFF

∝ e�ce qVEFF�Eð Þ=nkT½ �; E > qVEFF

(3.35)

Typical values of c derived from the literature are dependent on Lnom: c 	 0
for 25 nm, 1 for 50 nm, 2 for 100 nm, and 4 for 250 nm.

3.2.2.4 The energy-driven model
The basic assumption for energy-mediated processes, such as impact ionization or
interface state generation (ISG), is that the rates are approximately determined by
an integral of the following form:

Rate ¼
ð

f Eð ÞS Eð ÞdE (3.36)

where f is the EDF, and S ¼ interaction cross-section or scattering rate. The density
of states is not explicitly included here, and can be considered to be part of f (E), or
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else neglected. The integrand of this rate equation will generally peak at one or
more points, which are referred to as ‘‘dominant energies’’ because carriers near
these energies dominate the respective hot carrier rate.

This occurs when

d ln fð Þ
dE

¼ d ln Sð Þ
dE

(3.37)

Mathematically, the dominant energy can be controlled by ‘‘knee’’ points
(points of high curvature) of either ln( f ) or ln(S). While the LEM implicitly
assumes that the knee points of the ln(S) functions drive the dominant energies, the
energy-driven model is based on the idea that the knee points of ln( f ) drive the
dominant energies [3.94].

The LEM represents the large (long high field region) device and high voltage
limit. However, we know that as the power supply voltage is scaled down, the EDF
becomes increasingly limited at energies of importance to hot carrier effects
(generally less than 5 eV or so). The LEM assumes that the EDF has no significant
knee and the dominant energies for impact ionization (II) and ISG are determined
by knee points in the respective cross-sections (which were thought to be very close
to energy thresholds fi and fit). Figure 3.50 is a conceptual schematic of this
concept for impact ionization. In keeping with the thinking of the time, the Keldysh
model (∝ (E � EG)2) [3.108] is used for Sii.

The II and ISG rates are then ‘‘field driven.’’ The dominant energies are weak
functions of bias conditions, and the hot carrier voltage dependence is due almost
solely to the changes in the EDF slope with field.
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Figure 3.50 The field-driven hot carrier paradigm applied to impact ionization
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For the case of quasi-ballistic transport, the EDF knee determines the dominant
energies, and the II and ISG rates are ‘‘energy driven’’; the dominant energies track
with bias. The hot carrier voltage dependencies are due primarily to the energy
dependence of the S functions, through the bias dependencies of VEFF. The field
dependence of the electron energy distribution function (EEDF) is secondary as far
as voltage dependence is concerned. Figure 3.51 is a conceptual schematic of the
energy-driven concept for impact ionization. In this figure the SII used is the more
modern model of Kamakura et al. (∝ (E � EG)4.6) [3.104], which is ‘‘softer’’ (less
curvature near threshold) than the older II models.

Conditions for energy-driven hot carrier rates
To illustrate the conditions under which the hot carrier behavior is energy driven, we
use the idealized EEDF, f1(E), which collapses the knee to a single point. Recall,

f1 Eð Þ ∝ e �cE=qVEFFð Þ; E 
 qVEFF

∝ e�ce qVEFF�Eð Þ=nkT½ �; E > qVEFF

(3.38)

A scattering rate of the following form is used: S ¼ A(E – ETH)p. In this idea-
lized case, the energy-driven regime can be defined as when the dominant
energy ¼ qVEFF. Using (3.38), this can easily be shown to be

ETH þ pnkT 
 qVEFF 
 ETH

1 � p
c
; c > p (3.39)

The field-driven regime is when VEFF is above this region. If c 
 p, there is no
field-driven regime. For VEFF below this region, the dominant energy is in the
thermal tail. This might be referred to as the ‘‘thermal tail-driven’’ regime [3.98].
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To give some approximate numbers as examples, let S ¼ impact ionization rate for
electrons (Sii), ETH ¼ EG ¼ 1.12 eV, p ~ 4.6 for electron-induced impact ionization
[3.109], and using n ¼ 1.66 [3.116], T ¼ 300 K,

1:317 eV 
 qVEFF 
 1:12 eV

1 � 4:6
c

; c > 4:6 (3.40)

Since the typical values of c< 4.6 for Lnom < 0.25 mm, for any NFET device of a
quarter micron or smaller technology, the impact ionization will be energy or thermal
tail-driven for any VEFF. The dominant energy is equal to VEFF for these values.

In the energy-driven regime, the impact ionization rate is approximately pro-
portional to the scattering rate,

rii ¼ Isub

ID
¼
ð

fI Eð ÞSii Eð ÞdE � Aiie
�cSii qVEFFð Þ (3.41)

Calculation of VEFF in the energy-driven model is performed in the following
way:

VEFF ¼ effective potential drop from channel to drain:

VEFF ¼ V0 þ VDS � VDSAT (3.42)

where V0 ¼ added potential due to halo [3.110, 3.111] and/or ‘‘source function’’ (total
expected to be on the order of several hundred mV), and VDSAT ¼ pinch-off or satura-
tion voltage. One approximate equation for VDSAT is given by Taur and Ning [3.112],

VDSAT ¼
2 VGS�VTð Þ

m

1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ 2 VGS�VTð Þ

mFC L�LSð Þ
q (3.43)

where FC ¼ critical field for velocity saturation (~ratio of carrier mobility to
saturation velocity m/vsat), L ¼ channel length, LS ¼ length of velocity saturated
region, and m ¼ body effect coefficient.

3.2.2.5 Short-range carrier–carrier scattering effects
Short-range, or coulombic, CCS is a mechanism whereby a carrier can gain even
more energy than qVEFF. There is a small probability that two high energy carriers
undergo a coulombic scattering process so that one gains much of the total kinetic
energy, leading to a small electron population of carriers up to about twice qVEFF.
Many authors [3.113–3.117], employing Monte Carlo or other simulation techni-
ques to nMOSFETs, have predicted that at drain voltages below about 3 V, elec-
trons ‘‘heated’’ by e–e scattering (EES) should dominate the high energy tail of the
EEDF. CCS induces a second, weaker knee at just less than 2qVEFF. (Above this
energy, the higher-order knees at somewhat below 3,4 VEFF, etc., are smeared out
into a quasi-thermal tail, whose effective temperature increases with carrier con-
centration.) Adding CCS effects to the base EDF and an idealized EDF is demon-
strated in Figure 3.52.
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The idealized EDF is

f1 Eð Þ ¼ fI1 Eð Þ þ fI2 Eð Þ (3.44a)

fI1 ∝ e �c1E=qVEFFð Þ; E 
 qVEFF

∝ e�c1 e qVEFF�Eð Þ=nkT½ �; E > qVEFF

(3.44b)

fI2 ¼ 0; E 
 qVEFF

¼ accV�3=2
EFF e �c2E=qVEFFð Þ; qVEFF < E < 2qVEFF

¼ acce�2c2 V�3=2
EFF e 2qVEFF�Eð Þ=nkT½ �; E > 2qVEFF

(3.44c)

The VEFF
�3/2 term is due to the energy dependence of the CCS cross-section.

Since the CCS rate per carrier is approximately proportional to the carrier density
in the energy range between VEFF and 2VEFF, the relative level of fI2, acc, has a
linear ID dependence. For this example, VEFF ¼ 1.76V, c1 ¼ 2.5, c2 ¼ 11.5. The
value of c2 depends on c1 and the energy dependence of the CCS cross-section.
This is an approximate expression for c2:

c2 � 9 þ c1

2
(3.45)

The relative impact of the knee of the CCS tail to impact ionization can be
bounded in the following way. Assuming a reasonable upper limit for the ratio of
the tail population at its knee just below 2VEFF to the base population at VEFF of
about 10�5, the ratio of peak f (E) � Sii(E) at the tail knee to that at the base knee is

ratio < 10�5 Sii 2qVEFFð Þ
Sii qVEFFð Þ ¼ 10�5 2qVEFF � EG

qVEFF � EG

� �p

(3.46)
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For electrons (p ¼ 4.6), this ratio will exceed unity only for VEFF < 1.23 V, which
is inside the thermal tail-driven regime. It appears that EES is too weak at reasonable
carrier concentrations to contribute substantial impact ionization in the energy-driven
regime (at the tail knee), although lower energy parts of the EES tail will contribute at
around bandgap or sub-bandgap VEFF (<1.3–1.4 V) [3.117]. Even for holes (p ¼ 7),
unity ratio is at VEFF < 1.47 V, just barely above the critical point for holes (1.42 V).
This will appear as a CCS-induced enhancement of the thermal tail contribution, and
will not be modeled correctly by this energy-driven approximation.

For NFETs, there is experimental evidence that the hot carrier damage rate is
quadratic in ID over much of the VGS range (for a given energy) [3.118–3.120]
implying that the knee of the EES tail does drive the rate. In this case, the hot
carrier damage rate can be written by this (energy-driven) approximation,

RISG VEFFð Þ � AI IDSit qVEFFð Þ þ A2ID
2Sit qmEEVEFFð Þ (3.47)

Sit is the ISG scattering rate, and the parameter mEE represents the ratio of the
dominant energy (for ISG) due to the CCS tail to that due to the base distribution.
Because of the relative weakness of the CCS knee, this may tend to be somewhat less
than two. Simulations suggest values of 1.7–1.95 (depending on technology) are
reasonable.

The ‘‘universal’’ nature of the energy-driven model for NFETs in the quadratic
(mid- VG) regime is demonstrated by Figure 3.53 down to a minimum dominant
energy of ~2.6 eV (VEFF ~ 1.3 V).

The solid curve shown has the following empirical form:

Sit ∝ e aEð Þ; E 
 fit þ p=a

∝ E � fitð Þp; E > fit þ p=a
(3.48)

180 nm
90 nm
28 nm
14 nm

3

D
am

ag
e 

ra
te

, A
U

10
−4

10
−2

1
10

2

4
mEEVEFF, V

5

Figure 3.53 Experimental data for a wide range of technologies in the
quadratic regime

Advanced device characterization techniques 251



with the following parameter values:

fit ¼ 1:75eV ; p ¼ 13:5; a ¼ 13eV�1:

3.2.2.6 Justification of energy-driven model for ISG
damage rates

Let us revisit Section ‘‘Conditions for energy driven hot carrier rates’’ for this ISG
scattering rate. Recall the upper limit for an energy-driven dominant energy:

qV EFF 
 ETH

1 � p
c

(3.49)

Now, for our experimental Sit function, ETH ¼ 1.75 eV, p ~ 13.5. This implies
that a typical quarter micron device (c2 ~11), or below, will be energy limited. For
technologies of greater Lnom (say, VDD ¼ 3.3 V or more), ISG rates may be field
driven at sufficiently high voltages.

3.2.2.7 Temperature dependence
Historically, the major temperature effect to hot carrier has been ascribed to the
change of l, the mean free path, with temperature. This expression was given by
Crowell and Sze in 1966 [3.121].

l Tð Þ ¼ l0tanh
ER

2kT

� �
(3.50)

where ER ¼ 63 meV is the optical phonon energy in silicon. Around room temperature
l is a weak function of temperature; its value at T¼ 400 K is 0.86 of its value at 300 K.
However, the LEM predicts that hot carrier rates are exponentially dependent on l. In
the energy-driven model, the effect can be captured by the parameter c of the base
distribution(c1) [3.2.32]. By (3.41), (3.44), and (3.45), the impact ionization rate and
the ISG rates in both the linear and quadratic regimes will all have the same c1

dependence, e�c1 . Assuming c1 ∝ 1/l, and using (3.50), the net temperature depen-
dence of this term from 200 to 400 K can be approximated as a power of absolute
temperature T�nt, where nt � 0.4c1(300 K). This implies that the effect of mean free
path temperature dependence decreases with scaling, and becomes small below an
Lnom ¼ 50 nm technology. For nanoscale devices, nt? 0, and the hot carrier rate
temperature dependence will be driven by other parameters. Basically, as the carrier
transport becomes increasingly ballistic, the dominance of phonon scattering dis-
appears. Experimentally, the negative temperature dependencies of IIS and EED
observed for older technologies have evolved to positive ones with scaling [3.106].
This has been explained as an increase of the V0 parameter with temperature in the
energy-driven model. Examples from NFETs of 1.2 and 2.5 V technologies are shown
in Figure 3.54. The hot carrier-induced current shifts at a typical mid-Vg stress bias
condition, but three temperatures, for these two device types are shown in Figure 3.54.

The left side of Figure 3.54 corresponds to a 90nm (1.2 V) NFET, t ¼ 3000 s,
Stress: VDS ¼ 1.9 V, VGS ¼ 1.0 V. The right side corresponds to a 0.25 mm (2.5 V)
NFET, t ¼ 1000 s, Stress: VDS ¼ 3.3 V, VGS ¼ 1.65 V.
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There are opposite temperature dependencies for these two device types, whereas
the quarter micron NFET displays the classic behavior of negative temperature
coefficient, the hot carrier shift of the 90 nm NFET increases with temperature.

The scaling effects are mainly due to only two of these parameters – V0 and
prefactor. As technology scales down, the reduction in supply voltage and the pos-
sible increase in V0 significantly increase the positive impact of a modest available
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Figure 3.54 Hot carriers-induced current shift, %DIon, versus channel length, L,
for three ambient temperatures, T, of 1.2 and 2.5 V NFETs
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energy increase with temperature. Also, as channel length decreases, the negative
temperature effect of mean free path (as reflected by the prefactor) diminishes.

3.2.2.8 Self-heating effects
As active device volumes decrease, and become more thermally isolated from the
substrate, localized self-heating will increase. And, at scales <~20–30nm, espe-
cially in the presence of energetic carriers, a simple heat diffusion description
breaks down [3.122].

Heat flow over large scales is dominated by the diffusion of acoustic phonons.
But, over nanoscales, phonon transport will be ballistic. Optical phonons are gen-
erated by energetic carriers and have low group velocity – they tend to accumulate
locally. Since the local phonon EDF is not thermal, the concept of ‘‘lattice tem-
perature’’ no longer applies [3.123].

Local self-heating is not a reliable mechanism per se. However, we know that
elevated local temperatures (or large local populations of energetic phonons) will
exacerbate HCD. As long as local power is dissipated only during short transients
with a low duty cycle, there will be minimal impact in a logical switching envir-
onment. But, for a device in static on condition (perhaps an analog application),
there may be a serious reliability impact. In addition, hot carrier DC stress is nor-
mally done in static on conditions with elevated voltages. The result is excessive
local self-heating, leading to an unknown acceleration of HC, and potential acti-
vation of the BTI degradation mechanism (which tends to mask the HC). This has
already been shown to occur in planar PFETs [3.124].

These considerations may necessitate methodology changes for HC estimation
and qualification. Data from DC stress conditions need to be corrected for self-
heating, which may not be a trivial task to do accurately. DC methods should be
augmented by AC HC stress using on-chip pulse generators or ring oscillators.

3.2.2.9 Progression of hot carrier effects in the nanoscale
FET regime

● Evolutionary trends (general scaling)

Table 3.4 lists the major hot carrier scaling trends.

● Revolutionary trends

Silicon FinFETs represent a deviation from the traditional scaling of
planar, single gate, FETs. A dual/triple gate structure with low fin width has
allowed very low or no body doping concentration. This results in higher carrier
mobilities in the channel due to reduced impurity scattering. Also, the combined
use of a (011) channel orientation causes a particularly strong increase in hole
mobility. There are several ramifications to hot carrier degradation: strength-
ened quasi-ballistic behavior (? higher EDF at the knee), and a reduction in the
critical field, Fc (? higher VEFF). Both of these will increase hot carrier
degradation (HCD).

Geometrical confinement due to the 3D structure and a small fin width will
have several effects: (1) There will be an appreciable flux of energetic carriers on
each gate side, which are generated on the opposite side and top. In a planar
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device, these are injected into the substrate and do not contribute to HCD. (2)
Quantum effects introduce sub-bands in the channel, which increases VEFF

(through the parameter V0).
New semiconductor materials, such as Ge, III-V compounds, and graphene or

CNT, coupled with ever decreasing channel length, are expected to finally result
in true ballistic transport. In this case, the effective ‘‘VDSAT’’ will approach zero.

3.2.2.10 Intrinsic variation considerations
No matter what FET device or dielectric will be used – one thing is common – device
size decreases. The ramification is the rise of intrinsic variation effects. Intrinsic
process variation (IPV) is due to the inherent atomistic nature of matter in small
dimensions, for example, lattice spacing and the discrete charge of the electron. IPV,
or random local fluctuation (RLF) between devices, does not disappear at small
separation in the manner that extrinsic variation does. Technology scaling makes this
gets worse. This is true for devices as manufactured (T0), and for reliability degra-
dation effects. This will be an increasing challenge for nanoelectronic device relia-
bility. SRAM ‘‘Vmin’’ failure induced by the BTI mechanism is already driven by
intrinsic variation [3.125]. If yield and reliability are maintained by redundancy and/
or error correction, it becomes paramount to be able to estimate the reliability failures
that occur, to ensure that the error correction systems are robust.

Hot carrier degradation is due to ISG and the accumulation of bulk oxide
charge. Because HC degradation is caused by discrete charges, intrinsic fluctua-
tions are induced. This is somewhat analogous to the case of random dopants.

3.2.3 Filamentary conduction in thin dielectric films
3.2.3.1 Introduction
Although filamentary-type conduction in thin dielectric films has been studied for
more than about five decades mainly in connection with reliability issues for MOS
capacitors and transistors [3.126, 3.127], nowadays there is a renewed interest in this
topic because of its close relationship with the working principle of nonvolatile
memory devices such as the resistive RAMs (ReRAMs) [3.128, 3.130]. The kind of
filamentary conduction we are going to review along this section is that corre-
sponding to a breakdown or forming event of a thin oxide layer, i.e., the final out-
come of degradation. As it is well known, in MOSFET devices, the dielectric

Table 3.4 Major hot carrier scaling trends

Scaling parameter Model parameter HC (%DIdsat) trend

Supply voltage, VDD VEFF ~VDD
�p, p ~ 12

Channel length, L VEFF ~L�m, m ~ 0–2
(m decreasing with scaling)

Sensitivity (DIdsat /DNit) ~L�1

Length of high field region, Ls c ~e�c/2, c ~ Ls/I (mean free path)
Drain current density, ID, &

carrier concentration
ID ~ID

1

Effective oxide thickness, Tox Sensitivity (DIdsat /DNit) ~Tox
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breakdown of the gate insulator may cause the partial or total loss of the transistor
action as well as an increase in standby power consumption, and these effects can
have unpredictable consequences for the overall functionality of a circuit application
[3.131]. Understandably, most of the research effort until the end of the 90s was
primarily focused on investigating the driven forces behind the degradation and
breakdown of SiO2 [3.132–3.136]. However, in recent years, the focus of attention
shifted to alternative gate insulators with high dielectric permittivity (high-K) and on
seeking feasible ways of taking advantage of the localize nature of conduction as an
essential feature of the operational principle of devices [3.130, 3.137]. The break-
down of a thin oxide layer has been related to the formation of a percolation pathway
spanning the dielectric film [3.126]. Since this can be related to the formation of a
chain of traps, defects, vacancies, metal atoms, etc., the idea of filamentary con-
duction, i.e., the electron flow through a low dimensional structure attached to two
charge reservoirs, becomes essential.

A wide variety of models connecting the degradation process of the oxide layer
with the stress conditions, expressed in terms of either the oxide field or the applied
voltage, have been proposed, but, despite the huge amount of data and publications,
there is still room for discussion. However, beyond trying to understand what
triggers ultimately the appearance of the percolative pathway, around 20 years ago,
a number of research groups begun to systematically investigate the electron
transport characteristics of oxide films after the detection of a failure event. It is
clear that although much more information can be gained in that aspect from MOS
transistors (because of the control of the substrate voltage and channel potential
drop), a vast majority of the analytical approaches proposed to deal with post-
breakdown exclusively refer to MOS capacitors. Most of the studies concerning the
dielectric degradation and breakdown of MOS devices are performed under con-
stant electrical stress conditions (current or voltage), but dynamical electrical stress
[3.138] as well as radiation-induced stress have also been explored [3.139]. From
the microscopic viewpoint, the oxide wear-out process has been associated with
several mechanisms including molecular dipole flipping [3.140], anode hole
injection [3.141], and hydrogen release at the anode interface [3.142]. In connec-
tion with the type of defect created, neutral electron traps, interface states, hole
traps, and slow states are well-known results of electrical stress that have been
linked to the origin of dielectric breakdown [3.143, 3.144]. Nowadays, it is widely
accepted that an oxide layer breaks down as a consequence of the accumulation of
defects generated during stress (see Figure 3.55a). The current runaway and the
energy dissipation dynamics occurring in the damaged region determine the
severity of the event and consequently the magnitude of the localize leakage cur-
rent. In addition, the relationship between breakdown statistics and defect creation
has been successfully explained by the so-called percolative models [3.126, 3.145,
3.146]. These models consider the random distribution of defects inside the oxide
layer and have shed light on the area and thickness dependence of the failure dis-
tribution in terms of the injected charge or the time-to-breakdown. They have also
provided a rough estimation of the defect size involved in the formation of the
breakdown path (~0.5–1.5 nm). As illustrated in Figure 3.55b, in some cases, the
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breakdown spots become visible through an optical microscope. Electron transport
during the wear-out stage has been extensively investigated as well. While in thick
oxides (tox > 10 nm) charge trapping is the most important factor affecting the
Fowler-Nordheim (FN) tunneling current [3.147, 3.148], in thin oxides (tox < 7 nm)
stress-induced-leakage-current (SILC) plays a fundamental role [3.149, 3.150]. For
intermediate thicknesses both mechanisms affect the device stability [3.151]. The
evolution of such conduction mechanisms as monitors of the underlying degrada-
tion process and the triggering of dielectric breakdown have also been investigated
in the past [3.152–3.154].

On the other hand, until recent years, the physics of post-breakdown conduc-
tion has received much less attention. This certainly has happened because of the
random nature of the phenomenon as well as its stress- and sample-dependent
features. A clear evidence of this fact is the wide gamut of models that were pro-
posed in the past to explain the charge transport mechanism in broken down SiO2

and later in high-K films, many of them still requiring confirmation. More recently,
a second generation of filamentary conduction models, with roots in the memristive
device concept, has been developed to deal with the reversible dielectric break-
down phenomenon [3.155]. As it will be shown in this section, the research activity
in this field has not decreased its pace along the years. On the contrary, upcoming
device applications based on single or multifilamentary conduction (such as
ReRAMs, electronic synapses, neuromorphic circuits) demonstrates that the
dielectric breakdown field has gained relevance within the framework of functional
oxide electronics [3.128].

This section is organized as follows: in Subsection 3.2.3.2, a number of
introductory issues such as the terminology used to characterize dielectric break-
down, the classification of conduction modes, the detection problem, and the origin
and relationship between failure modes in MOS devices are presented. Subsection
3.2.3.3 focuses on the functional forms of the post-breakdown I–V curves and the
different physical approaches that have been proposed to explain the associated
electron transport mechanism. An overview of the influence of the dielectric

(a) (b)

Figure 3.55 (a) Formation of a percolation pathway spanning the dielectric film
caused by the accumulation of traps or defects. The arrows indicate
the magnitude of the leakage current. (b) Top view of a MOS device
with multiple breakdown spots distributed over the top metal
electrode (60 � 60 mm2)
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breakdown phenomenon on the transistor action and how it has been treated in the
past is provided. A simple analytic model for the output characteristics of a broken
down transistor with an advanced dielectric layer is also presented. Finally, in
Subsection 3.2.3.4, we refer to recent advances in the characterization and model-
ing of the reversible dielectric breakdown or resistive switching (RS) effect in thin
binary oxides.

3.2.3.2 Oxide breakdown phenomenology
In order to understand filamentary conduction in thin films, it is necessary first to
introduce several definitions that, though they are not strictly linked to the mod-
eling of the post-breakdown I–V characteristics, constitute the general framework
under which the phenomenon should be examined. In this subsection, the different
post-breakdown conduction modes that have been identified so far will be descri-
bed. Then we will focus the attention on the detection methodology and will dis-
cuss the origin of the bimodal failure distribution. For historical reasons most of the
data reported in this section concerns with SiO2 but many of the concepts can be
straightforwardly applied to other dielectrics. Even though part of the terminology
presented here is no longer used for high-K dielectrics, we believe that a brief
introduction to some of the acronyms that can be found in literature is necessary for
understanding the evolution of the ideas in this research area.

Breakdown modes
The dielectric breakdown of the oxide layer in a MOS structure can be defined as
the local increase of the system’s conductance. This change can be abrupt or gra-
dual depending fundamentally on the oxide thickness, device area, and stress
condition and it is often accompanied by a noisy behavior [3.156]. Notice that the
early concept of regarding dielectric breakdown as the loss of the insulating cap-
ability is no longer valid for ultra-thin (tox < 5 nm) oxides since the distinction
between insulating and conducting is not well defined for this thickness range
[3.157]. First post-breakdown studies in SiO2 date back to the 60s and were per-
formed by Klein et al. [3.158–3.160], who investigated the switching character-
istics of what they called the ‘‘high-conduction’’ state of the oxide. Later on,
Shatzkes et al. [3.161] further explored this issue and concluded that electron
transport under these circumstances was filamentary and governed mainly by the
voltage across the structure. It was also pointed out that the high-conduction state
was weakly dependent on the oxide thickness and electrode area, features that
characterize dielectric breakdown even for current technologies. Almost in the
same period, Hickmott [3.162] and Dearnaley et al. [3.163] investigated filamen-
tary conduction in a wide variety of materials such as SiOx, TiOx, LiF, CaF2, and
Ta205, among others. As an alternative to breakdown, the term forming was
introduced at that time. Since those experiments exclusively relied on thick (tox �
20–100 nm) films, the investigated devices presented important thermal damage
due to local heating effects. For many years, the breakdown event in a MOS device
was associated with the appearance of a resistance-like conducting pathway run-
ning between the electrodes [3.164, 3.165]. Perhaps because of this seemingly
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simple behavior, post-breakdown issues remained practically unexplored until the
nineties, when it was claimed that the use of thinner oxides (tox � 5–7 nm), in
which thermal effects are absent or under control, would allow examining the
signature of the breakdown mechanism [3.166, 3.167]. In 1992, Fukuda and
coworkers [3.168] detected a new breakdown mode in ultra-thin SiO2 films, the
associated current being orders of magnitude lower than the mode discussed pre-
viously. This led to name this failure mode as B-SILC [3.169], quasi [3.170], partial
[3.171], or SBD [3.172], identified with the low-conduction state, and the final,
catastrophic or HBD, identified with the high-conduction state. Figure 3.56a shows
typical I–V curves corresponding to SBD and HBD events in a 4.3-nm-thick SiO2

layer. For completeness, the FN and SILC current components are also displayed.
Although SBD has been mostly reported to occur in sub-5-nm oxides, some authors
have reported it in thicker oxides [3.173].

At least six different types of breakdown modes (three SBD and three HBD
modes) can be found in literature. SBD has been classified into analog SBD
(A-SBD), characterized by random noise, and digital SBD (D-SBD) characterized
by a random telegraph noise [3.174]. The third type of SBD, called micro-
breakdown (MB), was reported in Reference 3.175. This mode is characterized by
a lower current than that corresponding to a typical SBD event and appears to be
undetectable in large area devices. In addition, HBD has been associated with and
without thermal effects, i.e., with and without lateral propagation of damage
[3.176, 3.177]. The third HBD mode has been referred to as nonlinear HBD
(NL-HBD) [3.127]. In this case, the I–V curve is similar to that corresponding to
the high-HBD but exhibits a reduction of its slope for voltages exceeding some
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Figure 3.56 (a) Typical stages in the I–V characteristic of an ultra-thin gate oxide
as the degradation proceeds. FN refers to Fowler-Nordheim, SILC to
stress-induced leakage current, SBD to soft-breakdown, and HBD to
hard-breakdown. (b) Multiple SBD events during a constant voltage
stress. Each current jump is associated with the appearance of a new
filamentary path
� 2004 Elsevier. Reprinted with permission from Reference 3.127
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threshold. Importantly, the failure event can gradually progress with time, be it
SBD [3.178, 3.179] or HBD [3.180, 3.181]. This process has been referred to as
progressive breakdown (PBD) and is a major issue for present scaling technolo-
gies because it affects oxide reliability criteria [3.182]. PBD is mainly observed in
hyper-thin oxides and, as revealed by optical studies, it is directly related to the
increase of the damaged area of the device. For many years, breakdown modes in
SiO2 have been simply identified as SBD or HBD and the choice of whether a
breakdown event belongs to one or another mode has been a rather ambiguous
practice. Nevertheless, some criteria were proposed mainly based on the shape
and/or magnitude of the I–V characteristic, the post-breakdown resistance [3.183]
or the normalized differential conductance [3.184–3.186]. Because of the sto-
chastic nature of the phenomenon, SBDs and HBDs corresponding to first events
in different devices lead to a bimodal failure distribution whose spread is also
influenced by a number of factors such as the geometry of the devices and stress
conditions. Moreover, depending on the considered wear-out test, single or mul-
tiple breakdown events of either type can occur in the same sample (see
Figure 3.56b). Each jump in the I–V characteristic is associated with the triggering
of a new breakdown pathway across the oxide layer.

Detection window
While in thick oxides a breakdown event can be easily detected as a sudden
increase of the system’s conductance, in thin oxides, the difficulty arises from the
large background tunneling current that can mask the localized current flow. In the
case of HBD, this is especially important for hyper-thin oxides (tox < 2 nm) in
which the current flowing through the damaged area of the device can be of the
same order of magnitude than the area-distributed tunneling current over a wide
bias operating range. Concerning the SBD mode, it was shown that the experi-
mental detection window depends not only on the severity of the event but also on
the oxide thickness, device area, and substrate type of the DUT [3.187–3.189]. As a
general rule, it was found that the detection of SBD is harder for larger areas and
thinner oxides. Figure 3.57 compares a typical band of SBD curves (shaded area)
with fresh tunneling I–V characteristics of MOS capacitors with four different
oxide thickness (2.1 nm, 3.0 nm, 3.8 nm, and 4.9 nm) and four different areas
ranging from 6.4 � 10�5 cm2 to 9.3 � 10�3 cm2. While the complete band of SBD
I–V curves can be detected for the 4.9-nm-thick oxide in a large voltage window,
the same set of curves are completely masked by the DT component in the 2.1-nm-
thick oxide. Moreover, the substrate type also affects the experimental detection
window because of the different oxide field that governs the tunneling currents,
similar SBD events being better resolved in samples with p-type substrates. To
overcome these problems, a variety of methods were implemented to improve the
detection of SBD occurrence: substrate current increase [3.187], two-level stress
test [3.189, 3.190], noise increment criterion [3.191–3.193], and relative current
increase [3.194]. Having reliable automatic SBD detection techniques is particu-
larly important during accelerated stress tests for this can have serious impact on
the breakdown statistics [3.195–3.197].
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Bimodal failure distribution
Beyond the classification and detection issues discussed in the previous subsec-
tions, it has been clearly established that the difference between HBD and SBD is
straightforwardly linked to the size of the breakdown spot area. This is supported
by combined electrical and optical experiments [3.198, 3.199]. In turn, the severity
of the event was shown to depend on the details of the breakdown current runaway
and on the final microscopic arrangement of defects that form the percolation path.
Several works have pointed out in this direction, claiming that the key factor
leading to one mode or the other during stress resides in the energy delivered
through the spot at the very first moment of the formation of the current pathway
[3.196, 3.197, 3.200–3.203]. In this regard, the prevalence ratio between SBD and
HBD can be modified by setting different compliance limits during stress [3.204,
3.205] so that the available energy during the discharge transient through the
damaged area may be somehow limited. The same concept is currently applied to
RS devices in order to control the damage caused to the sample during the set
process [3.155]. By means of equivalent circuit modeling, the appropriate condi-
tions for which SBD turns into HBD and therefore the origin of the bimodal failure
distribution were identified [3.206, 3.207]. According to such reports, if the dis-
sipated power exceeds a certain threshold (about 0.1 to 10 mW) for irreversible
thermal damage, HBD follows; otherwise the resistance path remains intact
resulting in SBD. The assumption that SBD is a previous stage of HBD has also
been invoked several times [3.180, 3.208]. It has been claimed that the boundary
between SBD and HBD is also determined by how fast the stored energy in the
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Figure 3.57 Symbols: fresh current–voltage characteristics measured on p-type
substrate samples with different oxide thickness and gate area. For
each thickness and from right to left, the curves correspond to
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capacitor is discharged through the original conductive filament and this has been
experimentally demonstrated by inserting an inductance in series with the device
[3.190]. According to Lombardo et al. [3.176], the amount of electrons available at
the cathode interface also determines whether the final result is HBD or SBD. They
have suggested that the applied voltage rather than the energy is at the end what
controls the breakdown evolution [3.209]. In addition, it has been claimed that the
occurrence of SBD or HBD is related to the sample fabrication process [3.210] and
that the specific prevalence ratio between D-SBD and A-SBD also depends on the
stress conditions [3.211]. From a practical viewpoint, the severity of the breakdown
event is ultimately influenced by the circuit environment of the device [3.126]. For
reliability projections, SBD and HBD events are usually treated on equal grounds,
thus implicitly assuming that both modes share a common root. Irrespective of
whether the first event in a sample set is SBD or HBD, the separate statistical dis-
tributions coincide when measured on identical devices stressed under the same
conditions [3.212–3.214]. This clearly indicates that SBD and HBD correspond to
the same kind of failure, i.e., they are related to the generation of identical defects
and they are locally triggered by the same physical mechanism. This issue was
explored in depth by analyzing the area dependence of the time-to-breakdown sta-
tistics both in transistors and capacitors and it was found a universal behavior over
eight orders of magnitude in area [3.200]. This observation justifies merging SBD
and HBD data for reliability projections. In addition, when analyzed in MOS tran-
sistors, SBD and HBD events exhibit identical location distribution along the
device channel [3.215–3.217]. Despite all these common features, some authors
have claimed that both breakdown modes should be treated as competing failure
mechanisms [3.195] and this is in part supported by the fact that SBD and HBD were
reported to have different temperature and electric field acceleration factors [3.218].

3.2.3.3 Modeling of filamentary conduction
As a first step toward the modeling of the conduction characteristic of any electron
device, and in particular of a broken down capacitor or transistor, a preliminary set of
measurements revealing the fundamental features of the involved charge transport
mechanism is required. For many years, post-breakdown conduction in thin SiO2 films
was an almost unexplored field though the phenomenon was indeed matter of intense
research in many other materials mainly for its relevance in the field of memory
devices. In this subsection we will review first some fundamental observations on the
I–V curves of broken down oxide films and, second, we will use this information to
conform a physical picture of post-breakdown conduction. In what follows, a number
of compact models proposed to this aim are presented and discussed.

Functional form of the post-breakdown I–V curves
Although it may sound surprisingly, the details of the I–V characteristic after the
occurrence of a HBD event were not investigated in depth until recent years. This
was motivated perhaps by its simple resistor-like behavior, which in combination
with the random nature of the phenomenon, led to think that there was nothing or
very little to investigate. Quite the opposite, the HBD I–V characteristic is far from
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being linear in the whole bias range and exhibits interesting features, both at low and
high biases. Particularly noteworthy is the fact that in many cases the HBD con-
ductance exhibit values typical of atom-sized constrictions [3.127]. In Figure 3.58,
two HBD events successively opened in the same sample together with the asso-
ciated conductance-voltage (G–V) curves are illustrated. Three qualitatively different
regions can be observed: from 0 V to ~1.5–2 V there is a rapid current increase
followed by a linear region with a differential conductance (dI/dV) of the order of the
quantum conductance unit G0 ¼ 2e2/h, e and h being the electron charge and the
Planck’s constant, respectively. For higher biases, it is observed a new increase of
the currents and this behavior is associated with the dominant background FN cur-
rent. On the contrary, the functional form of the SBD I–V characteristic has been
explored in depth. While many groups claimed that the SBD current could be well
fitted by a power-law model [3.211, 3.186, 3.219–3.221], others claimed that an
exponential function of the applied bias was more appropriate [3.185, 3.222, 3.223].
In this regard, it can be shown that the SBD I–V characteristic in SiO2 exhibit both
trends depending on the voltage range investigated. From 0 to approximately 3 V, a
power-law model is a good option, whereas for higher voltages, an exponential
model yields better results. Figure 3.59a,b illustrates post-breakdown I–V curves
corresponding to a high-K film analyzed according to both approaches.

In addition, when represented in log-linear axis, the slopes of the SBD I–V
characteristics of a large number of devices are statistically correlated with the
current level [3.184]: the higher the current at a given voltage is, the lower the
associated normalized differential conductance is. The empirical law that links
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these magnitudes was also verified by Bruyère [3.224] for electrical stressed sam-
ples and by Cester et al. [3.225] and Ceschia et al. [3.226] in the case of radiation-
induced damage. A recent paper has explored this correlation in connection with
high-K dielectrics and the results are illustrated in Figure 3.60 [3.227].

Another important issue, which has originated a great controversy, is the
dependence of the SBD current on the oxide thickness and device area [3.228].
Many authors [3.222, 3.224, 3.229] have shown that the SBD conduction is
essentially independent of such factors as expected for filamentary conduction. In
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addition, the fact that the SBD current does not depend essentially on the oxide
thickness and injecting electrode indicates that the current is controlled by a highly
localized mechanism (interfacial or bulk). Notice that this is quite different from
what occurs in FN conduction through fresh oxides, where the oxide field and the
injecting electrode play fundamental roles.

Filamentary conduction models in SiO2

In this subsection, a brief description of the different approaches proposed to deal
with the post-breakdown conduction characteristics in MOS devices is presented.
The considered models are in general extensions of well-known electron transport
mechanisms adapted to the case under study with little or no modifications. Among
others, junction-like, hopping, percolation, and tunneling conduction are the most
invoked mechanisms. Within the latter mechanism we can find direct, Fowler-
Nordheim, trap-assisted, resonant, inelastic quantum tunneling models, and quan-
tum point contact (QPC) conduction. The majority of these models are aimed at
explaining exclusively the SBD mode completely disregarding HBD. Notice that
they will not be reported in chronological order but according to the underlying
physical mechanism involved.

One of the earliest attempts to analytically describe the filamentary current in
SiO2-based MOS devices was based on the diode equation with series resistance
[3.167] (see Figure 3.59b). This model is supported by the fact that a plot of log(I)
vs. VG for p-type substrate devices can be fitted by a straight line of slope e/nkBT,
where kB is the Boltzmann constant, T the temperature, and n the ideality factor
which was found to be 	1.2 for poly-Si, and 	1.7 for aluminum and chromium
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gates. In the same line, Halimaoui et al. [3.222] reported ideality factors ranging
from 1.8 to 2 for the same voltage range. Later on, Umeda et al. [3.230] further
studied this failure mode and claimed that the I–V characteristic looked like very
similar to the current of a forward-biased pn-junction diode. They concluded that
the leakage current was controlled by the spreading resistance effect at large biases
and that the sizes of the HBD spots were in the order of 10 nm. The idea that HBD
resembles diode-like conduction was also supported by Bearda et al. [3.231]. By
means of comparing finite-element simulations with experimental I–V curves, they
established that the HBD leakage mechanism is diode-like in nþ/p MOS devices
and classical point-contact-like in nþ/n MOS devices. Diode-like conduction for
HBD was also reported by Avellán et al. [3.232], who investigated the temperature
dependence of the I–V characteristics for n-type substrate capacitors.

Based on the analysis of the temperature dependence, Okada et al. proposed the
variable-range hopping (VRH) mechanism to model SBD [3.220]. According to this
model, the conduction process across the insulator is mediated by localized states,
including traps and interface states. The idea comes from the fact that the SBD
current at a fixed gate voltage exhibits a T�1/4 dependence for temperatures above
125 K. This particular behavior arises from Mott’s prediction about the conductivity
of amorphous semiconductors and dielectrics [3.233]. On the contrary, Cester et al.
[3.234] demonstrated that the VRH temperature-law couldn’t fit the radiation-
induced SBD current. Moreover, Okada’s data were shown to be consistent with an
exponential dependence in a wider temperature range [3.235]. Concerning the con-
duction characteristic, VRH predicts that the current can be expressed as [3.233]

I ¼ I0sinh
eR

toxkBT
V

� �
(3.51)

where I0 and R are constants and tox the oxide thickness. The effect of applying a
voltage in VRH is to modify the energy of a hop between adjacent sites. Notice that
VRH strongly depends on the sample thickness, which is at variance with the
experimental findings for SBD. Houssa and coworkers based their SBD model on the
percolation theory of nonlinear conductor networks with a distribution of percolation
thresholds [3.236, 3.237]. According to this model, during degradation, traps ran-
domly occupy the sites of the SiO2 lattice eventually forming a backbone that spans
between the electrodes. In subsequent publications, the authors extended the pro-
posed model to explain both the SBD temperature dependence as well as its noise
characteristics. The temperature dependence was modeled in terms of the scattering
of electrons within the percolation path [3.236], while the fluctuations in terms of
Lévy flights caused by switchings in the percolative network [3.238, 3.239].

In 1994, Lee et al. [3.170] claimed that the SBD current followed a DT model,
i.e., tunneling through a trapezoidal-type potential barrier and they proposed that
SBD is a consequence of the progressive degradation of a localized region close to
the anode interface. According to this model, the ballistic impact of the injected
electrons on the silicon surface causes a physical damage, which reduces the
effective oxide thickness. Hirose and coworkers reported a variation of this
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tunneling-based model [3.240] assuming that the oxide layer near the SiO2/Si
interface locally deteriorates during the electrical stress, becoming, at some stage,
highly conductive. The thinned barrier model was also investigated by Houssa et al.
but it was found that good fit to the experimental data could only be achieved
assuming unrealistic barrier height values [3.222]. Tunneling through thinned SiO2

potential barriers has also been used to explain PBD [3.178] as well as HBD
[3.241]. However, instead of a thinned barrier, some authors claimed that SBD
arises from a lowering of the oxide barrier height [3.168, 3.242]. According to these
authors, during stress, hole trapping takes place close to the anode interface thus
narrowing the insulator bandgap and inducing a loss of the insulating capability.
The idea that SBD corresponds to a lowering of the barrier height rather than to a
reduction of its width has also been investigated by means numerical simulations
[3.216]. TAT and resonant (RT) tunneling has also been suggested as possible
candidates for post-breakdown conduction in SiO2 [3.172, 3.243]. Cellere et al.
[3.175] considered TAT to simulate the leakage current through the so-called MBs.
The underlying idea is that charges strategically located inside the oxide can reduce
the effective cathode barrier, thus increasing the local current through the spot.
Cheung et al. [3.244] proposed a qualitative model both for SBD and HBD based
on RT. According to these authors, during degradation, energy funnels located at
the trap sites are created inside the oxide that eventually form a defect’s band. HBD
would take place when this band connects the electrodes. Based on the temperature
dependence of a negative differential resistance region observed in the I–V char-
acteristic after D-SBD, Uno et al. suggested phonon-assisted RT as a plausible
mechanism for this breakdown mode [3.245]. However, the most comprehensive
approach for post-breakdown conduction based on the RT mechanism was pre-
sented by Ting [3.246]. The author considered the crowding of the electron
wavefunctions into nanoscale wires embedded in the oxide layer connecting par-
tially (SBD) or totally (HBD) the opposite electrodes. In the same line, Nigam et al.
[3.247, 3.248] proposed that a single electron tunneling (SET) mechanism could
explain both the voltage and temperature dependences of the gate current after
SBD. In this model the conducting sites forming the breakdown path behave as
isolated islands embedded in the oxide layer. To travel between electrodes the
electrons must go through such islands by means of successive uncorrelated tunnel
events, these transitions being determined by the electrostatic potentials originated
by the charges captured by the islands. The I–V characteristic corresponding to
such multijunctions can be expressed as [3.249]:

IðV Þ ¼
XN�1

k¼0

AkT2kV 2ðN�kÞ�1 (3.52)

where N is the number of junctions in series, T is the absolute temperature, and Ak

are constants related to the junction resistances.
In 1998, a QPC conduction mechanism was proposed to explain the SBD and

HBD I–V characteristics of SiO2-based MOS capacitors within a unified framework
[3.250]. In the QPC model, the breakdown path spanning the oxide film is treated as
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an atom-sized constriction [3.250–3.252]. Because of the lateral confinement of the
electron wavefunction, the transverse momentum of the particle becomes quantized.
This gives rise to conduction sub-bands that act as potential barriers for the incoming
electrons, the top of the barriers being located at the bottleneck of the filamentary
structure. Even though the electron transport across these sub-bands is ballistic, there
is always a contact resistance associated with impedance-mismatching effects at the
two ends of the filament [3.253]. According to the QPC model, the confinement
barrier determines whether SBD, HBD, or NL-HBD is observed (see Figure 3.61).
Starting from the Landauer approach for electron transport in mesoscopic conductors
and assuming and inverted parabolic barrier for the longitudinal confinement
potential, the current that flows through the filamentary path reads

IðV Þ ¼ 2e

h
eðV � V0Þ þ 1

a
ln

1 þ exp a F� beðV � V0Þ½ �f g
1 þ exp a Fþ ð1 � bÞeðV � V0Þ½ �f g
	 
� �

(3.53)

where F is the barrier height, a a constant related to the longitudinal shape of the
constriction, b a measure of the potential drop at the injecting electrode, and V0 the
potential drop in the electrodes. Some experimental and model results for SBD and
HBD are illustrated in Figure 3.62a,b. The QPC model was further investigated by
Cester et al. [3.254], who was able to obtain, by means of inverse modeling, direct
information on the barrier potential profile associated with SBD. In addition, the
model was also invoked to explain the heavy ion-induced SBD conduction [3.255],
the PBD I–V characteristics in hyper-thin oxides [3.182] the current noise after HBD
[3.256], and the temperature dependence of the localized leakage current [3.257].

More recently, the QPC model has been used to explain the experimental SBD
and HBD I–V characteristics of HfO2-based MIM devices as well as their tem-
perature dependence [3.258, 3.259]. Degraeve et al. proposed an extension of the
model to account for the switching dynamics in HfO2 as well [3.260]. It is worth
pointing out that several recent experiments support the idea of conductance

x
z

βVc

(1-β)Vc

E0
E

z

E0

HBD
linear

HBD
nonlinear

SBD

E0

EF

Figure 3.61 Schematic energy diagram of the constriction and its associated
potential barrier profile according to the QPC model
� 2004 Elsevier. Reprinted with permission from Reference 3.127

268 Nano-scaled semiconductor devices



0
10–12

10–11

10–10

10–9

108

10–7

10–6

Fowler-Nordheim
Experimental
Theoretical SBD

10–5

1

tox = 4.3 nm
A = 3.2 10–4 cm2

P-type
α = 3.02 eV–1

φ = 3.88 eV

α = 2.67 eV–1

φ = 3.37 eV

2 3
Voltage (V)(a)

(b)

I = NG0(V-V0)

C
ur

re
nt

 (A
)

4 5 6

0 1 2 3
Voltage (V)

4 5 6

FN

7 8 9 10

7×10–3

6×10–3

N = 10
N = 9
N = 8

N = 7

N = 4

N = 2

5×10–3

4×10–3

2×10–3

3×10–3

1×10–3

C
ur

re
nt

 (A
)

FN Exp.
HBD Exp.
HBD teo.

tox = 3 nm
type N
A = 6.4 10–5 cm2

Figure 3.62 (a) SBD I–V characteristics corresponding to first events measured
on different MOS devices. F is the barrier height associated with the
first sub-band level and a a parameter related to the shape of the
barrier. (b) HBD I–V characteristics generated by the creation of
successive breakdown paths. N is the number of parallel filaments.
The deviation at the largest biases corresponds to the background
FN tunneling component
� 2004 Elsevier. Reprinted with permission from Reference 3.127

Advanced device characterization techniques 269



quantization in broken down oxides. Observation of discrete conductance steps of
the order of G0 in Ta2O5 layers has been reported by Tsuruoka et al. [3.261] and by
Chen et al. [3.262]. Discrete changes of conductance of the order of G0 were also
reported during the unipolar reset transitions of Pt/HfO2/Pt structures by Long et al.
[3.263]. The conductance changes were interpreted as the signature of atomic-size
variations of the filament nanostructure. Zhu et al. have reported conductance
quantization effects in Nb/ZnO/Pt and ITO/ZnO/ITO structures as well [3.264].
Mehonic et al. [3.265] showed similar effects in silicon-rich silica (SiOx) resistive
switches. Nonlinear quantization effects in CeOx/SiO2-based RS devices have been
reported by Miranda et al. [3.266].

Effects on the transistor output characteristics
Understanding how the different breakdown modes affect the functional capacity of
MOSFET devices has also attracted a great deal of interest. In 1994, it was claimed
that SBD would have a large impact on device applications because of the large
leakage current at operating biases [3.267]. However, some years later, Weir et al.
[66,77] demonstrated that an increase in the gate current noise was the only
detectable effect after SBD on transistors with ultra-thin oxides. No significant
variations in the threshold voltage and transconductance were detected. According
to these early observations, SBD was not considered as a device failure, at least, for
some applications. The issue was then revisited and, on the contrary, several
authors reported indeed measurable effects on the transistors’ output characteristics
[3.135, 3.268–3.271]. Even though there is consensus that SBD is the prevailing
breakdown mode for low-voltage operation in SiO2-based devices [3.197, 3.272],
the final consequences upon the device behavior are rather complex and strongly
depend on a number of factors such as the location of the breakdown spot along the
device channel [3.216, 3.268, 3.272, 3.273] and the dimensions of the damaged
area compared to length and width of the DUT [3.200, 3.271]. Briefly, it was found
that a breakdown event near the source/drain regions produce more severe con-
sequences than a breakdown in the channel region. In other words, gate-to-substrate
leakage paths seem to exhibit higher resistances than those occurring in the source/
drain regions. It was also observed that the drain saturation current and transcon-
ductance collapses after SBD are linked to the formation of an oxide defective
region around the breakdown spot whose effective area is much larger than the
conductive path itself. A crucial problem that arises investigating this issue is
whether a transistor remains functional or not after the occurrence of a gate oxide
breakdown. The question is not so simple and direct because, as pointed out by Wu
et al. [3.135], even if the device is able to survive after SBD, there may still be
some impact of subsequent stress on the already broken down device. Kaczer et al.
[3.274] demonstrated that a digital CMOS circuit could tolerate many HBDs
without affecting its logical functionality. This means that depending on the par-
ticular application, reliability criteria may be, in some extent, relaxed. The most
comprehensive and complete study about the influence of a localized failure on the
transistors’ output characteristics was carried out by the IMEC group [3.215].
Representing the breakdown path as a narrow inclusion of highly doped n-type

270 Nano-scaled semiconductor devices



silicon across the oxide layer, the authors were able to reproduce, using a finite-
element device simulator, the post-breakdown characteristics of a transistor,
including the substrate current, both for gate-to-substrate and gate-to-source/drain
breakdowns. They also compared experimental results with the predictions of a
discrete-device equivalent circuit formed by passive and active elements. Their
model circuit was originally aimed at explaining the characteristics of transistors
after HBD but it was later extended to cover the SBD case by replacing the resis-
tance that mimics the breakdown path by a nonlinear resistor [3.216].

As we have seen so far, the effects of a gate oxide breakdown in a MOSFET
have been several times investigated [3.275] and although the idea of representing
the electrical behavior of the device by means of an equivalent circuit model is not
new, little efforts have been devoted to describe the problem in terms of a simple
compact model. Most of the proposed approaches basically consist in a combination
of reduced area MOS and bipolar transistors, diodes and resistances, which in gen-
eral rule out any possible analytic solution [3.274–3.279]. The complexity mainly
arises because models attempt to account for in a single framework the different
conduction modes occurring in thin dielectric films such as SBD and HBD, which,
as we have already seen exhibit very dissimilar I–V characteristics. In addition, these
models often involve a large number of parameters so that a systematic parameter
extraction strategy does not result evident. In what follows, the so-called linear
response regime will be analyzed. In this regime the transistor action is totally lost
becoming essentially dominated by parasitic elements. Although a physical expla-
nation is out of the scope of this subsection, this particular behavior may arise as a
consequence of a major obstruction of the channel region [3.280] or by the rear-
rangement of the internal potential distribution caused by the large gate leakage
current [3.277]. In a recent paper, Nicollian et al. analyzed in detail the case of a
gate-to-drain BD event in a medium-K dielectric material such as SiON using a
circuit model [3.279]. Here, a simple model for a broken down transistor with an
advanced dielectric like La2O3 (K 	 27–30) is presented [3.281]. The central point
of this approach is to illustrate how the localization and magnitude of an HBD event
affect the output characteristics of the device for conventional and unconventional
biases (as required in circuit simulators). Typical I–V characteristics both for
negative and positive drain voltages (VDS) are illustrated in Figure 3.63a. Notice that
the gate current (IG) is negligible and the important role played by the bulk current
(IB) for VDS < �0.5 V. This latest current component arises from the forward-biased
drain-bulk junction and affects the drain current (ID) for VDS < 0 as well. In order to
induce the oxide BD, a constant voltage stress at VGS ¼ 4 V was applied to the gate
until the detection of a sudden jump in IG. The stress was performed with source (S),
drain (D), and bulk (B) terminals grounded. The electrical characterization was
carried out using combined voltage sweeps (�1 V 
 VDS 
 1 V and �2 V 

VGS 
 2 V) and a common-source configuration was considered.

The proposed approach is a consequence of the ‘‘potentiometer’’ model
reported in References 3.277 and 3.282. This model has long been used, implicitly
or explicitly, to calculate the location of the oxide breakdown path along the
channel region. In order to conform to the simplest port description of a MOS
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transistor, a Y-type network with resistances RG, RD, and RS for the broken down
device is adopted (see Figure 3.63b). The diode with the series resistance RB

represents the D-B current. From the linear resistance network, the I–V character-
istics can be written using a matrix model as

IG

ID

	 

¼ g11 g12

g21 g22

	 

VGS

VDS

	 

� 0

IB

	 

(3.54)

IB can be expressed, using the Lambert-W function [3.283, 3.284], as

IB ¼ nVT

RB
W

I0RB

nVT
exp

ðI0RB � VDSÞ
nVT

	 
� �
� I0 (3.55)

where I0 is the diode inversion saturation current, n the ideality factor and VT ¼ kT/
q ¼ 26 mV the thermal voltage. Using the Y-D network transformation, it can be
demonstrated that

g11 ¼ ðRD þ RSÞ=ðRGRD þ RGRS þ RDRSÞ

g12 ¼ g21 ¼ �RS=ðRGRD þ RGRS þ RDRSÞ

g22 ¼ ðRG þ RSÞ=ðRGRD þ RGRS þ RDRSÞ

(3.56)

IS is calculated from Kirchhoff’s current law as

IS ¼ �ðIG þ ID þ IBÞ (3.57)

The matrix elements in (3.54) can be found from the experimental I–V curves
using a port analysis setting first VDS ¼ 0 V and then VGS ¼ 0 V. As an example, for
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the curves shown in Figure 3.64a, g11 ¼ 1 mS, g21 ¼ g12 ¼�0.56 mS, and g22 ¼
3.7 mS were obtained. n and I0 were extracted from the ln(IB) vs. VDS curve in the
range �0.5 V < VDS <�0.2 V and RB was calculated from the linear part of the
same curve. Figure 3.64 shows model results for the I–V characteristics using
(3.54), (3.55), and (3.57) for three particular cases. In order to achieve further
insight into the circuit model under consideration, the connection between the
matrix elements in (3.54) and the fundamental parameters that characterize a
breakdown event can be established as follows:

x

L
¼ ID

IG





VDS¼0

¼ abs
g12

g11

� �
(3.58)

RG ¼ VGS � VDS

IG





ID¼0

¼ g12 þ g22

g11g22 � g12
(3.59)

RC ¼ RS þ RD ¼ VDS

ID





IG¼0

g11

g11g22 � g2
12

(3.60)
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where x is the breakdown site location along the channel region measured from the
S contact, RG is the breakdown spot resistance, and RC the channel resistance. For
the cases illustrated in Figure 3.64: (a) corresponds to a G-to-C HBD with x/L ¼
0.56, RG ¼ 929 W, and RC ¼ 286 W, (b) to an HBD event close to the D contact
with x/L ¼ 0.92, RG ¼ 975 W, and RC ¼ 2.2 kW, and (c) to a G-to-S HBD event with
x/L ¼ 0.06, RG ¼ 952 W, and RC ¼ 3.3k W. Although the model only covers a
catastrophic breakdown event, notice the good agreement between experimental
and model results for conventional and unconventional bias conditions. To our
knowledge, this is the only analytic model for the output characteristics of a broken
down MOS transistor.

3.2.3.4 Reversible dielectric breakdown
Resistive switching and memristive approach
The use of filamentary conduction in metal-insulator-metal (MIM) structures as the
central element in memory devices is currently considered a viable alternative for
the implementation of high capacity information storage systems and logic appli-
cations [3.285–3.288]. This promising technology, called ReRAM for Resistance
change Random Access Memory, can adopt the form of stackable crossbar arrays
and is the subject of extensive investigation by academia and industry worldwide
[3.289–3.291]. The working principle of these devices relies on their ability to
withstand the alternate formation and rupture of a single or multiple filamentary
defect or metal pathways spanning the dielectric layer for a large number of read-
write cycles (>1010 [3.292]). The physical phenomenon is known as the RS effect
and it has been observed in a large number of binary transition metal oxides (TMO)
and multinary oxides such as NiO, TiO2, HfO2, Ta2O5, ZnO, SiOx, CeOx, Al2O3,
SnO2, ZrO2, MgO, Nb2O5, Yb2O3, SrTiO3, Pr1�xCaxMnO3, and La1-xCaxMnO3,
among others. The simplicity, low cost, high endurance, fast switching time, scal-
ability, multi-bit storage capability, controllable programming current, and in some
cases compatibility with conventional CMOS technology make ReRAM devices
serious contenders to memories based on charge transfer mechanisms such as Flash
[3.293–3.295]. However, in spite of these promising news, variability and relia-
bility are still major concerns for ReRAMs [3.296–3.298]. The most accepted
picture for RS attributes the alternate formation and dissolution of the filamentary
pathways to an electrochemical reduction-oxidation (REDOX) process occurring
within the insulating matrix [3.285]. Modifications of the oxide layer at the inter-
faces with the electrodes caused by the accumulation of mobile charge may also be
involved [3.299, 3.300]. Memories based on this principle are referred to as
Valence Change Memories (VCM). As the result of this electron–ion interplay, the
oxide becomes more or less permeable to the electron flow with the consequent
resistance change between a low (LRS) and a high (HRS) resistance state. It is
widely recognized the correspondence of the HRS and LRS with the SBD and HBD
conduction modes occurring in thin dielectric films [3.301, 3.302].

A similar phenomenology has also been reported in the case of the formation
and rupture of metallic-like filamentary paths [3.303, 3.304]. This is the operational
principle of Conducting Bridge RAMs (CBRAM), also called Electrochemical
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Metallization Memories (ECM) or Programmable Metallization Cells (PMC),
which are based on the relocation of metal ions within a solid electrolyte.

The transitions HRS$LRS can be abrupt (digital RS) or gradual (analog RS)
indicating the sudden or progressive opening/closing of multiple parallel leakage
paths or the narrowing/widening of the cross-section area of a single filament [3.305–
3.308]. This latest property (tunable resistance) has been suggested for multi-level or
multi-bit storage systems [3.309–3.312]. In general, the switching occurs after
reaching certain threshold voltages with the same (unipolar RS) or with opposite
(bipolar RS) polarities and they are called the SET (HRS?LRS) and RESET (LRS?
HRS) voltages (see Figure 3.65). The particular features of the switching processes
seem to be related not only to the properties of the dielectric material but also to the
metal electrodes and forming conditions. Current compliances (CC) are often applied
during the SET process in order to limit the thermal effects caused by the current
runaway [3.313, 3.314]. On the other hand, Joule heating at the bottleneck of the
filament has been implicated in the dissolution mechanism of the conducting bridges,
mainly for unipolar RS [3.290]. Within the field of RS, the first oxide breakdown
event upon the application of electrical stress is called electroforming. From the sta-
tistical viewpoint, the electroforming event is fully consistent with the percolation
theory of dielectric breakdown [3.315]. After this, the application of increasing and
decreasing voltage sweeps leads to a pinched hysteretic behavior of the I–V char-
acteristics, which has been often interpreted in terms of the memristor theory. This
theory, which links electric charge and flux linkage in a device, was originally pro-
posed by Leon Chua in 1971 [3.316], later reformulated for memristive systems by
Chua and Kang in 1976 [3.317], and finally extended by Chua himself to ReRAM
devices in 2011 [3.318]. Briefly, memristive systems are two-terminal circuit ele-
ments characterized by two coupled equations: one for the I–V curve of the device and
one for its internal state variable [3.319–3.321]. While in linear systems the first
relationship expresses an Ohmic-type dependence, the second one is written as a time
derivative in order to account for the previous history of the device.

However, in spite of the major technological advances and better under-
standing of the physics behind RS achieved during the last decade, simple and
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Figure 3.65 Schematic representation of (a) unipolar and (b) bipolar RS
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flexible analytic models able to account for the wide variety of switching I–V
curves exhibited by different dielectric films and electrode materials are hard to
find in literature. While some of the available approaches are difficult to implement
in circuit simulators because of the complexity of the physical processes involved
or the mathematical constraints in the model equations and its derivatives [3.322–
3.326], other models only focus the attention on the HRS and LRS I–Vs separately,
completely disregarding the gradual transition between both states that in many
cases characterizes the RS phenomenon. Other approaches are exclusively aimed at
describing the SET and RESET switching dynamics caused by the application of
current or voltage pulses [3.327–3.329]. In addition, many SPICE-oriented models
for RS have been recently reported [3.330–3.334], but their ability to accurately
represent not only the electron transport characteristics in different materials but
also their specific memory properties when subjected to arbitrary input signals has
been seriously questioned [3.335]. Since the publication of Strukov’s memristor
model in 2008 [3.336], a number of simple approaches based on combinations of
linear, nonlinear, and rectifying devices have been developed to describe the
bistable conduction characteristics of electroformed MIM devices. Some of these
models are reviewed in the next subsection.

Filamentary conduction models for resistive switching
In this section, different models proposed to deal with the bistable I–V character-
istic exhibited by electroformed thin dielectric films in MIM structures are
described. Given the large number of publications related to RS, it is worth pointing
out that the model list reported below is by far not exhaustive. Models that are
described by simple mathematical expressions or which admit a circuital repre-
sentation will be mentioned here. Models that rely on the numerical solution of
differential equations [3.323, 3.324, 3.337], iterative calculations [3.338], Monte
Carlo simulations [3.339, 3.340], or which exclusively focus the attention on the
HRS I–V curve adopting conventional electron transport mechanisms in dielectrics
(Poole-Frenkel conduction, Schottky emission, space charge limited conduction,
TAT are also deliberately omitted [3.341]).

The dopant-drift memristor model for TiO2 layers proposed by Strukov et al.
[3.336] represents a breakthrough in the field of RS devices. Although Strukov’s
model has been widely investigated, mainly from the theoretical viewpoint [3.342,
3.343], it is seldom applied in its original form to practical RS cases. In this regard,
the application of the complementary series resistors model often requires the
introduction of additional constraints in the state equation in the form of window
functions [3.319, 3.344]. The two equations that describe this model are expressed
as (see Figure 3.66a):

V ¼ RLRS � RHRSð Þx þ RHRS½ �I (3.61)

_x ¼ KIf x; Ið Þ (3.62)

where 0 
 x 
 1 is the state variable (x ¼ w/D), _x its time derivative, K a constant
related to the drift velocity of the oxygen deficiencies, RLRS the LRS resistance,
RHRS the HRS resistance, and f the window function ( f ¼ 1 in Strukov’s model).
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In general, f is chosen so as to comply with f(0,I) ¼ f(1,I) ¼ 0 to ensure no drift of
the dopant front beyond the boundaries of the device. One important aspect of
Strukov’s model is the absence of well-defined threshold voltages for the SET and
RESET events. For a simple sinusoidal input signal the model yields a pinched
hysteresis loop (Figure 3.66b). A recent study has revealed lacking of predictability
of the models expressed by (3.61) and (3.62) regardless of the considered window
function [3.335].

One of the earliest attempts to describe the HRS$LRS transitions of the
filamentary current by means of an equivalent electrical circuit comprising non-
linear devices was proposed by Szot et al. [3.345], who attributed the switching of
the electrical resistance in electroformed single-crystalline SrTiO3 layers to a
change in the transmission properties of individual dislocations. According to
Szot’s model the switching process is basically a consequence of the local mod-
ulation of the oxygen content related to the self-doping capability of TMO. In this
case, RS is associated with an electrochemical closing and opening process of a
single dislocation at the surface of the dielectric. An equivalent circuit formed by a
network of resistors and diodes represents the electrical behavior of such nanowire.
It is also assumed that a 3D orthogonal lattice of resistors connected to individually
addressable elements, which can reversibly change between a diode and a resistor
characterizes the inner network of dislocations. The idea of using an equivalent
circuit approach was considered by Yang et al. [3.346]. In this case, the hysteretic
I–V curves are modeled using a combination of memristors and rectifiers, which in
turn can be used to construct a family of electronically reconfigurable circuit ele-
ments [3.299]. From the physical viewpoint, the device behavior is explained in
terms of the coupled electron and ion dynamics driven by the applied electric field.
Studying the bipolar switching I–V characteristics of micro- and nanoscale TiO2

junction devices with Pt electrodes, the authors demonstrated that the HRS$LRS
transitions involve changes in the potential barrier heights at the Pt/TiO2 interfaces
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Figure 3.66 (a) Strukov’s model for RS devices based on complementary
resistors, (b) typical hysteretic I–V curve associated with the
movements of vacancies within the device
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due to the drift of positively charged oxygen vacancies. The modifications of these
barriers alternately lead to Ohmic- or rectifying-type characteristics. In this model,
the I–V curves are mathematically described by the phenomenological equation

I ¼ wnbsin h aVð Þ þ c exp gVð Þ � 1½ � (3.63)

in which the first term represents a flux-controlled memristor: bsinh aVð Þ is the
approximation considered for LRS, which is related to electron tunneling through a
thin insulating residual barrier. a, b, and n are fitting constants and w is the state
variable of the memristor. While for n ¼ 1 the drift velocity of the oxygen vacan-
cies is directly proportional to the electric field, in the general case, n is used as a
free parameter in the model which can be adjusted to modify the switching beha-
vior. The second term in (3.63) represents the rectifying HRS which in this case
adopts the form of a diode. c and g are fitting constants. A modification of Yang’s
model for WOx-based MIM devices, which involves exponential voltage depen-
dence in the state equation was proposed by Chang et al. [3.347]. Borghetti et al.
[3.348] investigated the electrical transport characteristics of TiO2-based MIM
structures as a function of the temperature. A completely different behavior was
reported after electroforming compared to the fresh device, which indicates the
transition from area-distributed current flow to localized conduction. Again, two
distinctive limiting behaviors were observed: Ohmic-like for the LRS and expo-
nential for the HRS. This latest mode was attributed to tunneling through a
potential barrier and the switching to voltage-induced changes in the oxygen
vacancy concentration in the gap between the tip of the filamentary pathway and
the adjacent metal contact. Similar arguments were used by Pickett et al. [3.349],
but, in this case, the width of the tunneling barrier is identified as the dominant state
variable and not the barrier height.

Hur et al. [3.350] proposed an equivalent circuit model for the bipolar RS I–V
characteristics in Ta2O5/TaOx stacks. The model is based on the modulation of the
Schottky barrier height caused by the drift of oxygen vacancies. Bistable switching
occurs as the conducting path is oxidized or reduced in the vicinity of the metal
electrode–oxide layer interface. In the LRS, a resistor while for HRS, a diode,
represents the doped Ta2O5 region close to the interface and a series resistance
represent the resulting undoped Ta2O5. Many recently proposed models describe
the HRS current in electroformed devices by means of hyperbolic sine dependence
with the applied voltage. Occasionally, this consideration has also been extended to
LRS [3.345]. This voltage dependence ultimately leads to pinched hysteretic loops,
symmetric and Ohmic-type I–V curves for low applied biases, and exponential
behavior of the conduction characteristics for large applied biases. In some cases,
this choice has a physics foundation but in a vast majority this particular depen-
dence is simply considered because it yields good fitting results [3.345, 3.351]. To
our knowledge, Simmons and Verderber were the first to use hyperbolic sine
dependence for the reversible memory phenomena in thin insulating films [3.352].
They proposed a model for the I–V curve of the form:

I Vð Þ ¼ K Vð Þsin h k Vð ÞV½ � (3.64)
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where K and k are two functions of the applied voltage. Expression (14) was
ascribed to DT in between defect sites and the transitions HRS$LRS to the exis-
tence of a resonant discrete energy level within the insulator forbidden band. Guan
et al. [3.334] have also implemented a SPICE compact model for RS which makes
use of a sin h(x)-based expression. Inspired by the association of ReRAM operation
with the conductive filament growth as a consequence of the movement of oxygen
vacancies, the authors assumed the formation of a tunneling barrier of variable
width. In their model, the change of the gap length g is associated with the prob-
ability for oxygen ions to overcome activation energy barriers following an
Arrhenius-type law:

_g ¼ u0exp �Ea;m

kT

� �
sin h

qag
LkT

V
� �

g � gmin (3.65)

where n0 is a velocity related to the attempt-to-escape frequency and Ea,m ¼ 1.2eV is
the activation energy (migration barrier) for vacancy generation (oxygen migration)
in a SET (RESET) process. L is the thickness of the switching material and a is the
hopping distance. V is the voltage applied across the cell and gmin is the minimum
gap size at which the tip of the filament is considered to be in contact with the
electrode. g is a local enhancement factor that takes into account the polarization of
the material and the nonuniform potential distribution across the device. Equation
(3.65) is derived from the Mott-Gurney ionic hopping current [3.335]. Assuming that
the current exponentially depends on the tunneling distance and the field strength,
the authors proposed that the RS I–V characteristic can be expressed as

I g;Vð Þ ¼ I0exp � g

g0

� �
sin h

V

V0

� �
(3.66)

where I0, g0, and V0 are fitting parameters. Both the linear and exponential regions
of the I–V curves can be captured by (3.66) by a proper selection of V0. An inter-
esting point of the model is the inclusion of the Joule heating effect in the formation
of the gap and the cycle-to-cycle stochasticity in g.

Finally, it is worth mentioning that the QPC model for dielectric breakdown
[3.354, 3.259] has also been used to model the RS effect [3.353]. As discussed in
Section ‘‘Filamentary conduction models in SiO2’’, according to this model, the cur-
rent that flows through a filamentary pathway between metal electrodes (electron
reservoirs) is governed by a tunneling barrier corresponding to the first quantized
level associated with the confinement of the electron wavefunction. The height of this
barrier determines the conduction mode: LRS for a wide constriction (low barrier) and
HRS for a narrow constriction (high barrier). A similar argument holds in terms of the
width of the barrier. If the barrier is represented by an inverted parabolic potential and
the applied voltage drops symmetrically at both ends of the conductive bridge, the I–V
characteristic can be obtained from the finite-bias Landauer approach as [3.259]

I Vð Þ ¼ 4e

ha
exp �ajð Þsin h

ae

2
V

� �
(3.67)
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where e is the electron charge, h the Planck constant, a a constant proportional to
the width of the barrier, and j the potential barrier height measured from the
equilibrium Fermi energy. Expression (17) strongly resembles Guan’s model for
the I–V curve (3.66), except that in this case the prefactor in the current and the
slope of the curve are correlated. Remarkably, if the barrier width shrinks to zero in
(3.67), a?0 so that the current reads

I Vð Þ ¼ 2e2

h
V (3.68)

0 1 2 3 4
0

1×10−9

2×10−9

3×10−9

4×10−9

5×10−9

6×10−9

7×10−9

0

1×10−5

2×10−5

3×10−5

4×10−5

5×10−5

6×10−5

7×10−5

8×10−58×10−9
 Experimental
 Model 

C
ur

re
nt

 (A
)

Voltage (V)(b)

(a)

HRS

LRS

T = 1

T<1

CC

HRS

Set

LRS
C

ur
re

nt
 (A

)

Voltage (V)

Reset

10−6

10−7

10−8

10−9

10−10

10−11

10−5

10−4

0 1 2 3 4

Figure 3.67 (a) Experimental HRS and LRS I–V characteristics for HfO2-based
RS devices. (b) Experimental curves and model results using the
QPC model for RS
� 2010 IEEE. Reprinted with permission from Reference 3.258

280 Nano-scaled semiconductor devices



which corresponds to the electron transport characteristic of a monomode bal-
listic conductor (transmission probability T ¼ 1). G0 ¼ 2e2/h ¼ (12.9 kW)�1 is the
quantum conductance unit. In this way, the cross-section area of the filament
determines the RS current magnitude: the I–V characteristic follows an expo-
nential law for a narrow constriction and a linear dependence as a function of the
applied voltage for a wide constriction (see Figure 3.67). Although the QPC
model does not make explicit reference to the ultimate cause behind the resis-
tance change, the central idea is that it originates in a local atomic rearrangement
driven by the external applied field. The idea that the RS filament electrically
behaves as a nanowire with conductance values close to integer multiples of G0

is supported by numerous experimental observations [3.258–3.266]. Never-
theless, it is worth pointing out that preferred atomic configurations for the
filamentary path instead of true conductance quantization can also explain the
observed phenomenology.

3.3 Alternative approaches for device characterization
including magnetic fields

There is plethora of characterization techniques used to extract electrical para-
meters from semiconductor devices, as well as device physics and technology
parameters. Just to mention a few, aside of the traditional I–V and C–V techniques,
there is the charge pumping technique (CPT) first introduced in Reference 3.355,
and later improved in Reference 3.356. The CPT is used to study the semi-
conductor–oxide interface and extract the interface trap density in MOSFET, which
is then used for investigating the device degradation. There is ‘‘Deep-Level Tran-
sient Spectroscopy’’ (DLTS) introduced in 1974 in Reference 3.357, also used to
study electrically active defects in semiconductors. DLTS uses also the application
of a voltage or train of voltage pulses to study defects in the space charge region.
The DLTS resolution is so good that it has been used to quantify the low defect
concentrations that may affect the performance of spin-dependent transport
FETs [3.358].

Regarding the reliability, the Bias Thermal Instability (BTI) is one of the most
critical mechanisms degrading the MOSFET. The BTI concerns the electrical sta-
bility of Metal-Oxide device structures, and has to do with trapping and detrapping
mechanisms. The nature of the energy traps involved in the trapping/detrapping is a
function of the oxide and gate materials, therefore its experimental study requires
of a wide variety of time-resolved characterization variations, which are well
described in Reference 3.359.

The BTI happens in two different modalities, the NBTI for p-type and PBTI
for n-type MOSFETs. The BTI phenomena is basically the activation of trap
charges, under a bias or temperature stress, which alters the device electrostatics
inducing a shift of the threshold voltage that degrades the current drive capability.
Therefore, this is a characterization technique that requires the application of vol-
tage and temperature as characterization variables.
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Light is also used in combination with DLTS to determine deep energy levels
in heavily doped semiconductors [3.360]. Besides thermal activation energy and
capture cross-section, the photo-ionization energy of defects is also measured. The
carrier density can also be determined from the reflectivity minimum wavelength
lmin when the material is exposed to optical plasma resonance experiments [3.361].
Moreover, optical infrared techniques, such as micro-Raman spectroscopy or X-ray
micro-diffraction are used to characterize mechanical strain in sub-micrometer
device structures [3.362, 3.363]. There are already commercial spectrometers with
a spatial resolution around 200 nm [3.364]. However, with the current device
dimensions below 20 nm and the large impact of nano-scaled mechanical strain on
devices [3.365], there is an urgent need for developing device and material char-
acterization for the nanoscale range.

A magnetic field B as an additional characterization variable, either applied
along while recording electrical properties, or in conjunction with temperature or
light, is another alternative to extract material or device properties. In that way,
besides the approach used at low temperature and high magnetic fields to investi-
gate fundamental quantum electronic properties of semiconductor materials and
devices, such as the quantum Hall effect [3.366], the spin-dependent magneto-
conductance [3.367], Landau levels splitting [3.368], Subnikov-de Haas oscilla-
tions [3.369], the fractional quantum Hall effect [3.370], the magnetic edge states
[3.371], and many other relevant magnetic experiments on semiconductor materials
and devices, which have resulted in two Nobel Prizes, the first awarded to Klaus
von Klitzing in 1985 for the discovery of the integer quantum Hall effect, and the
second awarded to R.B. Laughlin, H.L. Stormer, and D.C. Tsui in 1998 for the
discovery of a new form of quantum fluid with fractionally charged excitations.
There is the conventional or classic approach, at room temperature and low mag-
netic fields, that have been used to extract carrier mobility, the sign of the majority
carriers, the carrier concentration, the Hall coefficient, and even the energy band-
gap [3.372] and other electrical parameters.

Here we introduce experimental findings on the effect of the magnetic field on
the channel and the gate oxide current, at room temperature, on 65 and 28 nm
CMOS technologies, for a magnetic field ranging from �800 up to þ800 mT, and
applied at different orientations with respect to the channel plane.

First we introduce the classical Hall deflection effect on MOSFETs operated
at room and 77 K temperatures as a vehicle to confirm the classical Lorentz’s
force.

3.3.1 Classical magneto transport in FET-based devices
The total force experienced by a charge moving under the influence of a cross
electric E and magnetic fields B is given by

~F ¼ q ~E þ~v �~B
� �

(3.69)
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where v is the carrier velocity. From the classical approach, the previous equation
that includes the Lorentz’s force in the second term of the right side is converted
into the Lorentz equation,

m� d2~r

dt2
þ m�

t
d~r
dt

¼ �q ~E þ~v �~B
� �

(3.70)

where m� is the carrier effective mass, t is the carrier relaxation time, and r is
the position vector. The Lorentz equation, under isotropic, isothermal, and
steady-state conditions, is applied to the charge transport of a MOSFET [3.373],
which allows the calculation of both, the electron and hole current densities
Jn and Jp.

~J n ¼�sn rfnð Þ�sn
1

1þ m�n~B
� �2 m�n~B�rfn

� ��sn
m�n

1þ m�n~B
� �2 m�n~B� ~B�rfn

� �� �
(3.71)

~J p¼�sp rfp

� ��sp
1

1þ m�p~B
� �2 m�p~B�rfp

n o
�sp

m�p

1þ m�p~B
� �2 m�p~B� ~B�rfp

� �n o

(3.72)

m�n and m�p are the electron and hole Hall mobilities, respectively. fn and fp are the
quasi-Fermi potentials for electrons and holes, respectively, and sn and sp are the
electrical conductivity for electrons and holes, respectively. The Hall mobility m� is
related to the carrier mobility m as (rH � m), where rH is the Hall coefficient. Along
with the continuity and Poisson equations, a device under the presence of a mag-
netic field can be properly simulated with the drift-diffusion approximation, pro-
vided the device is sufficiently large [3.374].

Even when the semiconductor material is isotropic, the transport coefficients,
under the presence of a magnetic field, show asymmetry [3.373], which depends on
the way the electric driving force is oriented with respect to the magnetic field. In
general this implies a nonsymmetric transport coefficient tensor L that can be
written as

L ¼ L? 1 � PBð Þ þ LkPB (3.73)

where PB denotes the operation of projecting a vector along the direction of the
magnetic field vector B.

In general, three transport coefficients can be defined: (1) isothermal Hall
coefficients rHn and rHp, (2) isothermal Nernst coefficients Nn and Np, and (3)
Righi-Leduc coefficients RLn and RLp.

The rHn (rHp) coefficients characterize the transverse quasi Fermi level gra-
dient caused by the magnetic field acting on the electron (hole) current. The Nn (Np)
coefficients characterize the transverse gradient of the quasi-Fermi potential caused
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by the deflection of an electron (hole) heat current down flowing a temperature
gradient. And the RLn (RLp) coefficients represent the transverse temperature gra-
dient caused by the deflection of an electron (hole) heat current down flowing a
temperature gradient. The mathematical models for these three transport coeffi-
cients are as follows:

rHn;p ¼ �rfn; p � ~B �~J n;p

� �
~B �~J n;p

� �2 with rT ¼ 0 (3.74)

Nn;p ¼ �rfn;p � ~B �rTn; p

� �
~B �rTn;p

� �2 with~J n;p ¼ 0 (3.75)

RLn;p ¼
rT � ~B � ~Qn;p

� �
~B �rT
� � � ~B � ~Qn;p

� � with~J n;p ¼ 0 (3.76)

Qn, p is the heat current density for electrons (holes).
In general, the electrical conductivity sn (sp) of the semiconductor device is

modified by the presence of the magnetic field, which results in a magneto-
conductivity tensor sB [3.375].

sBn;p ¼ sn;p

1 þ wctð Þ2

1 �wct 0
wct 1 0
0 0 1 þ wctð Þ2

0
@

1
A (3.77)

A conclusion out of this isotropic model is that the conductivity, or the current,
perpendicular to the magnetic field decreases by the factor 1/[1 þ (wct)2]. The off-
diagonal elements in the magneto-conductivity tensor represent a current transverse
to the electric field.

The classical approach represented by (3.77) is tested with an in-situ magnetic
sensor and magnetic field generator as shown in Figure 3.68. The magnetic sensor
is a two-drain MAGFET [3.376] fabricated in a three-metal layer 0.6 mm CMOS
technology. It has an array of six interconnect lines on metal level 1 and 2. Three
interconnect lines are on level 1. These three lines on level 1 and metal level 2 are
10 mm wide and are 10 mm separated each other. A current flowing through line L2

on metal level 1 generates a magnetic field B that is sensed by the MAGFET
configured as a transistor (drain 1 wired to drain 2), and biased at Vd ¼ 0.5 V and
Vg ¼ 3.0 V. Previous to this experiment the MAGFET Id current, configured as a
transistor, was calibrated with an external magnetic field applied with a magnet-
ometer. The differential drain current DId ¼ (Id@B 6¼0 � Id@B¼0) experienced by the
MAGFET when the line current is swept from �60 to þ60 mA is then correlated
to the in situ generated magnetic field. The experimental results are shown in
Figure 3.69.

The measured DId–B curve is fitted with a good correlation to a 1/[1 þ (wct)2]
function, which corroborates the classical magneto-conductivity tensor. The
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interconnect line functions as a magnetic field generator in the þ/�500 mT range,
which is obviously a weak magnetic field that guarantees the applicability of (3.71)
and (3.77). The magnetic field generated by the interconnect line is not fully per-
pendicular to the channel plane nor uniform on the total (W*L) area, which explains
in part the difference between the fitting function and the experimental data, which
is also shifted from B ¼ 0. We further proceed with an additional verification by
using another MAGFET fabricated in an INAOE 10 mm CMOS technology [3.377].
This other (W/L) ¼ (100 mm/125 mm) n-type MAGFET is characterized from room
temperature down to 77 K showing an excellent linearity as shown in Figure 3.70.

The Lorentz force is proportional to the cross product of the carrier velocity
and the magnetic field. Therefore the faster the particle moves, the higher the
Lorentz force is. At low temperatures the carrier mobility increases and thus the
velocity does, which results in an increase of the Lorentz force at cryogenic tem-
peratures. The carrier mobility m goes from 588 cm2/Vs at room temperature up
to 3021 cm2/Vs at T ¼ 77 K for a 10 mm CMOS MAGFET technology with a
Tox ¼ 60 nm and bulk doping concentration of 2 � 1016 cm�3 [3.377]. This ends up
in an increase of the magnetic field sensitivity at low temperatures. The magnetic
resolution at room temperature is in the order of 50 mT, while at 77 K increases up
to 1.5 mT. Filtering the magnetic noise background gives an extrapolated magnetic
resolution of about 100 nano-Tesla (nT) at 77 K. This is already a good magnetic
resolution to be used not only as a sensing device, but also as alternative device
characterization technique.
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In the following sections some examples of an external magnetic field applied
on different MOSFET devices, at room temperature, are introduced.

3.3.2 Magneto-tunneling and nonhomogeneous magneto
conductance

One of the first experiments that can be conducted using a magnetic field, as an
auxiliary characterization tool, is the study of current vector components. The cross
vector product of carrier velocity and magnetic field is exploited as an auxiliary
characterization technique, which allows research about the current vector com-
ponents. This is the case of the gate oxide leakage current of MOSFETs. A sche-
matic experimental setup for characterizing the gate oxide tunneling current Ig,
with the magnetic field as a parameter, is shown in Figure 3.71.

The DUT, the MOSFET in this case, is placed in between the poles of a GMW
5403AC electromagnet [3.378], capable to generate AC and static magnetic fields
up to 1.0 T, with a 1 mili-Tesla (mT) resolution, and up to 100 HZ switching
frequency. The DUT can be fixed in any orientation with respect to the magnetic
poles, so the B field enters perpendicular (z-axis) to the (x–y) channel plane, par-
allel to the (x–y) plane in the y-axis direction or the x-axis direction. Any other
angles with respect to the (x–y) plane are also possible [3.379]. A p-type MOSFET
of a high-k, metal-gate 28 nm technology is used as a DUT. The B field is applied
in the z-axis direction, then the magneto-deflection effect on Ig, called DIg ¼
(Ig@B 6¼0 � Ig@B¼0), is recorded as a function of the gate voltage with the B field as
a parameter. The experimental results are shown in Figure 3.72 [3.380].

The Ig current is assumed to flow in the z-axis direction, normal to the (x–y)
channel plane and parallel to the z-axis applied B field. Ideally the charge velocity, of
carriers flowing as a Ig current through the gate oxide, and its cross product with the
B field should be zero, which implies DIg ¼ 0. However, the experimental results of
Figure 3.72 reveal the contrary effect. A positive þB field, entering the channel
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Figure 3.71 Schematic representation of the experimental setup
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plane, decreases Ig, whiles a negative –B field increases Ig. This asymmetric behavior
is shown for �Vg > 0.2 V, and switches sign when Ig changes sign at �Vg < 0.2 V,
which confirms the Lorentz force effect on the Ig current. There is the question; is the
action of the Lorentz force acting on the gate current density vectors, or is the B field
acting on other electronic properties of the device structure? To be in a better posi-
tion to propose a possible hypothesis, the effect of the B field on the channel current
is shown in Figure 3.73 [3.381]. From these two last figures three distinctive bias
points are observed: (1). 0.2 V <�Vg < 0.6 V, (2). 0.6 V <�Vg < 0.9 V, and (3).
�Vg > 0.9 V, where the slope dDIg/dVg has slight changes.

In the first region the þB field increases the Ig flow from drain to gate, while
for Vg voltages above region one the Ig current flows in the reverse direction from
gate to channel. This confirms the magnetoconductance reversibility effect [3.382].
The first region corresponds to the subthreshold regime, the second region to the
subthreshold-to-weak inversion regime. The third region belongs to the onset of
the strong inversion regime. If the B field is generating a deflection force on the
gate oxide carrier velocity, the slight change of the dDIg/dVg slope should be an
indication of a gate oxide tunneling current density vector variation in the three
different operating regimes.

The above observation suggests the increase of off-z-axis Ig components as the
Vg voltage increases. On the other hand the asymmetry of the DIgB curve for both
polarities of B, suggests the off-z-axis Ig components are not uniform across the
channel plane and semiconductor–oxide, and oxide–gate interfaces.
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The DIs magneto-modulated current, shown in Figure 3.73, first increases for
positive B fields in the 0.3 V <�Vg < 0.7 V range, then rolls down to negative
values for �Vg > 0.8 V. When reversing the B field to negative values DIs shows a
complementary behavior. The change in the dDIg/dVg slope from region one to
region two in Figure 3.72 coincides with the inflexion point of DIs in Figure 3.73.
This inflexion point is the diffusion-to-drift transition of the channel conductance.
Then one assumes the B field has a differentiated effect on the diffusion and drift
transport mechanisms [3.381].

The gate oxide tunneling current requires the existence of sufficient charges at
the channel side, and a tunneling transmission coefficient different from zero.
Therefore, the deflection of channel charges, evidenced by the DIs modulation,
changes the charge distribution in the channel, which is the charge source for gate
oxide tunneling. This channel charge deflection effect, besides the Lorentz force
acting on the gate oxide current density vector, is another cause for the DIg effect.

A sweep of the magnetic field B from negative to positive values reveals
information even more interesting. The DIg versus B with Vg as a parameter and
Vd ¼ 1.0 V for the p-type MOSFET is shown in Figure 3.74.

An evident asymmetry with respect to B is observed for �Vg ¼ 1.2 V. The
DIg–B asymmetry reduces as �Vg goes from high to low values. All the curves
cross each other through zero at B1 ¼�175 mT, B2 ¼þ0.75 mT, and B3 ¼ 200 mT.
At these three B points there is null magneto-conductivity effect, which can be
interpreted as a good alignment of Ig with B along the z-axis. The positive values of
DIs in the 0.3 V <�Vg < 0.75 V range for þ300 mT and for the �Vg > 0.75 V for
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�300 mT in Figure 3.73, denote a hole flow into different crystal orientations with
different mobilities along the channel.

The DIs–B characteristics for the diffusion (�Vg ¼ 0.45 V) and drift (�Vg ¼
1.2 V) regions are shown in Figure 3.75.
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According the magneto-conductivity tensor of (3.77) a parabolic-like behavior
(dashed curve) of the DIs–B curve is expected from the experimental data of Fig-
ure 3.75. However, there is an asymmetrical and monotonic behavior. This beha-
vior is attributed to a multidimensional flow of holes both along the channel and
through the gate oxide.

However, as the inversion channel is the source charge for gate oxide tunnel-
ing, the Ig current gets coupled to Is. Thus, we get into a complex multidimensional
Lorentz force as can be seen from Figure 3.76. Also as (W/L) ¼ (1 mm/28 nm) ¼ 35,
this device classifies as a short Hall plate, and thus no Hall field or voltage is
generated along the y-axis. Thus owing to the lack of a transverse Hall voltage, a
transverse current component Jy is generated [3.383]. Considering that the B field is
applied in the z-axis the space deflection of carriers in the inversion channel, of a
thickness Zinv, is restricted to the (x–y) plane. This is not the case of carriers tun-
neling through the gate oxide. A carrier moving from source-to-drain on the (x–y)
plane can get enough energy to tunnel through the gate oxide to leave the (x–y)
plane and enter into a tri-dimensional (x,y,z) space. Once the carrier is moving
through the oxide it will encounter interfaces 2, 3, and 4 if the oxide is a three-
dielectric stack for instance. Interfaces 2 and 3 are in the bulk of the oxide, and
interface 4 is at the border with the gate. This different dielectric layers might lead
to some dispersion at the interfaces, which results in a nonlinear trajectory of the
tunneling charge. Percolation is another mechanism that needs to be accounted for
[3.384], which considers the trap-assisted current trough single and multiple trap
paths, and the spatial distribution of these paths. Furthermore, a nonhomogeneous
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spatial distribution of filamentary leakage current paths has been probed to occur in
HfO2 oxides [3.385], which leads to nonhomogeneous spatial distribution of cur-
rent leakage paths.

Because of the mechanical strain, used to enhance carrier mobility [3.386], the
(1 mm/28 nm) MOSFET is not only a short Hall plate, but it has anisotropic con-
duction properties. Such an anisotropic transport properties are attributed to the
nonhomogeneous distribution of the mechanical stress [3.379, 3.387]. Figures 3.77
and 3.78 show the simulated normalized mechanical stress across the width W and
along the channel L of the MOSFET [3.379]. The stress is taken at the middle of the
channel as a reference and normalized to its value at the middle of the channel.

The carrier mobility m, the intrinsic concentration ni, the energy bandgap Eg,
the density of energy states Nc (Nv), and consequently the electron concentration n
are all functions of the stress s [3.388]. The Eg reduces linearly with the increase
of s, while ni increases exponentially with the increase of s, and m increases linearly
with the increase of s.

Eg ¼ Eg0 � mss (3.78)

Where Eg0 ¼ 1.12 eV, and ms ranges from 100 to 140 meV [10]. The intrinsic
carrier concentration ni is an exponential function of Eg.

ni ¼
ffiffiffiffiffiffiffiffiffiffi
NcNv

p
exp � Eg

kT

� �
(3.79)
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Figure 3.77 Calculated stress s, normalized to its value at the center of the
channel, as a function of the width axis normalized to W
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Where NC and NV are the effective density of states in the conduction and valence
bands, respectively. k is the Boltzmann’s constant, and T is the temperature. A
reduction of Eg results in an exponential increase of ni. On the other hand the carrier
mobility m follows the model.

m ¼ m0 þ mms (3.80)

where m0 ¼ 600 cm2/Vs, and mm¼ 253 cm2/VsGPa.
As the stress s tensor is a function of both the x and y directions, with a

minimum value in the middle of the channel, and with a larger value at the peri-
meter, one expects the electrical conductance s0 to have the same shape as that of s.
The 28 nm CMOS technology uses also deep trenches to provide high-frequency
isolation, and as pointed out in Reference 3.387 the stress distribution is also a
function of the distance between the active region and the trench.

Other random or fluctuation fabrication effects, such as Random Dopant
Fluctuation (RDF) [3.389], Line Edge Roughness (LER) [3.390], and Metal Gate
Granularity (MGG) [3.391] with grain sizing from about 5 to 50 nm, together with
the NonUniform Stress (NUS), contribute to a considerable change and space-
dependence of the transport parameters in the active channel of the MOSFET
[3.392].

Thus strained nanometric semiconductor devices cannot be considered as an
isotropic Hall sample, which inhibits the use of the magneto-conductivity tensor of
(3.77). Therefore a most generalized theoretical treatment is required, such as the
one introduced in References 3.393 and 3.394, where semiconductors with aniso-
tropic properties are considered.
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Figure 3.78 Calculated stress s, normalized to its value at the center of the
channel, as a function of the length axis normalized to L
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Solving the Schrödinger-Poisson equation system in a self-consistent way,
including the magnetic field is an option that allows obtaining the wavefunctions and
energy with the magnetic field as a parameter. In the case of the gate oxide tunnel
current, the GTS Framework commercial software [3.50] has been modified to
account for the B field, temperature, and anisotropic semiconductor devices properties
[3.395]. The GTS Framework simulation software contains the VSP, which is a
simulation tool for 2D/3D quantum modeling of nano-scaled semiconductor device
structures [3.396]. A screen window of the GTS Framework simulation is shown in
Figure 3.79. The device structure is edited with the fabrication process parameters and
geometry defined by the user. The doping profile, the gate oxide thickness geometry,
the trap distribution, and even RDF and LER can be edited at will by the user. This way
nonhomogeneities and anisotropy can be accounted for in addition to the B field.

The gate tunneling current density vectors, as well as the Ig spatial distribution,
including device anisotropy, can then be studied at the semiconductor–oxide
interface and oxide as shown in Figure 3.80.

Unlike a pure electrical characterization technique, the use of electromagnetic
techniques, in conjunction with device simulation, gives additional information on

Figure 3.79 Screen view of the GTS Framework simulator showing a 28 nm
MOSFET

Figure 3.80 Simulated current density components at the semiconductor–oxide
interface
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the local space distribution of conductive properties. A first 2D modeling and
simulation approach to account for the B field influence on MOSFETs with ani-
sotropic properties is introduced in References 3.397 and 3.398. The energy and
wavefunctions of the systems are calculated by solving, in this particular case, the
time-independent effective mass Schrödinger equation,

1
2m� p̂ � qAð Þ2 þ V rð Þ
	 


y rð Þ ¼ Ey rð Þ (3.81)

where p̂ ¼ �iℏr is the momentum operator, y is the wavefunction, E is the energy
eigenvalue, V(r) is the potential energy, and A is the vector potential such that
B ¼ r� A. The electrostatic potential f and its relation to the electron density
distribution n(r) are calculated by means of the Poisson equation,

r2f ¼ � q

�
Nb � n rð Þð Þ (3.82)

where Nb is the bulk doping concentration. The electron density n(r) is then
determined form the self-consistent solution of the Schrödinger-Poisson system, as

n rð Þ ¼ m�kT

2pℏ2

X
i
yij j2ln 1 þ exp

EF � Ei

kT

� �	 

(3.83)

where EF is the Fermi level, Ei is the energy eigenvalue, and yi is the wavefunction
of the corresponding i eigenvalue.

Once the Ei and yi values are calculated, the direct gate oxide tunneling cur-
rent can be calculated by using the Tsu-Esaki formulation [3.399]

J ¼
ðEmax

Emin

TC Ezð ÞSF Ezð ÞdEz (3.84)

where TC is the transmission coefficient, Ez represents the electron kinetic energy
perpendicular to the gate oxide potential barrier, and represents the probability of a
particle tunneling through the potential barrier that is calculated as

TC ¼ Jt

Ji
(3.85)

where Jt is the transmitted current density and Ji is the incident current density. Emin

is the lower energy and Emax is the higher value of the discretized energies in the
potential well at the semiconductor side.

The supply function SF, which denotes the number of electrons in a certain
energy level available for tunneling through the oxide potential barrier, is given by

SF ¼ ln
1 þ exp EFs � E

kT

� �
1 þ exp EFg � E

kT

� �
" #

(3.86)

where EFs and EFg are the Fermi levels in the semiconductor and the gate segments,
respectively. Both TC and SF becomes a function of the energy and the
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wavefunction, which in turns are B field dependent. A first attempt to probe the
effect of the B field on the wavefunctions is tested with an n-type circular 30 nm Si
nanowire with an equivalent oxide thickness EOT ¼ 2.0 nm, and ND ¼ 3 � 1017

cm�3 as shown in Figure 3.81. The B field is perpendicular the page plane. Closed
boundary conditions are first used, so the wavefunctions get confined in the silicon
region and vanish at the Si–SiO2 interface.

A B field of 0, 50, and 500 mT is applied on the nanowire and the probability
density |y|2 of wavefunctions of the second and sixth state are evaluated and shown
in Figure 3.82.

The probability density |y6|2 of the sixth level wavefunction is shown in
Figure 3.83.

A hybridization effect, or mixture of states, is observed as the strength of the B
field increases. The B field perturbs the Hamiltonian and thus the states are no
longer separated and begin to mix. The mixing results in new hybrid states, which in
turn increase the probability to find charge carriers where they were not supposed to
be. The hybridization between two degenerated electronic states produces repulsion
in energy between each other, which lifts the degeneracy of the states [3.400, 3.401].

Furthermore, in Figure 3.84, the probability density of the second state |y2|2

and the density probability of the third state |y3|2 are shown.
For this case, both degenerated states begin to mix, and at sufficiently strong B

fields exhibit a circular or ring shape [3.401].
In order to study the asymmetric Ig–B response of a MOSFET, under the

influence of a B field applied parallel to the surface and perpendicular to the Ig and

Figure 3.81 Simulated 30 nm Si circular nanowire. The inner circle is Si, the
outer circle is a metal gate, and the circle in between is SiO2

� 2015 INAOE. Reprinted with permission from Reference 3.395
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Id current lines, a 28 nm n-type Si strained MOSFET is used as a benchmark. It has
an HfO2 EOT ¼ 2.0 nm, a (W/L) ¼ (1 mm/28 nm), a metal gate, and a bulk doping
concentration of 2 � 1018 cm�3. Figure 3.85 shows the simulated magneto-
modulated gate current DIg ¼ (Ig@B 6¼0 � Ig@B¼0) under the action of a static mag-
netic field B ¼þ/�400 mT. The simulated results are compared to measurements.

A good agreement between experiments and simulations is observed up to Vg ¼
1.0 V. For Vg >1.0 V DIg rolls down, which cannot be reproduced by the simulator.

As mentioned earlier a strained MOSFET may have nonuniform conductive
channel properties that can be recreated by means of a nonuniform gate oxide
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Figure 3.82 Probability density |y2|2 of the second level wavefunction of a
cross-section of the circular nanowire under a B field of (a) 0 mT,
(b) 50 mT, and (c) 500 mT
� 2015 INAOE. Reprinted with permission from Reference 3.395
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thickness or by a nonuniform doping profile. Such a recreation is performed with
gtsFramework and shown in Figure 3.86. Three different nonuniform oxide con-
figurations, Tox1, Tox2, and Tox3, are used. Tox1 has ToxL ¼ 2.0 nm and ToxR ¼ 2.5 nm,
Tox2 has ToxL ¼ 2.0 nm and ToxR ¼ 2.6 nm, and Tox3 has ToxL ¼ 2.0 nm and ToxR ¼
2.7 nm. The Vd voltage is set equal to Vs and 0.0 V to have a symmetric flow of gate
current density lines.

As seen from Figure 3.86 the Tox3 configuration, which is the most unbalanced
or asymmetric gate oxide, gives the higher DIg percentage change. Such a DIg–B
asymmetry is shown as a function of ToxR, for ToxL ¼ 2.0 nm, in Figure 3.87.
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Figure 3.83 Probability density |y6|2 of the sixth level wavefunction of a
cross-section of the circular nanowire under a B field of (a) 0 mT,
(b) 50 mT, and (c) 500 mT
� 2015 INAOE. Reprinted with permission from Reference 3.395
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As the gate oxide asymmetry increases the DIg/Ig percentage change increases
and saturates. This can be explained when looking at the transmission coefficient
TC and supply function SF as a function of the B field in Figure 3.88. Owing to the
nonuniform gate oxide thickness, the transmission coefficient TC increases for
negative B fields and decreases for positive ones. A negative B field deflects car-
riers toward the side with a thinner gate oxide, while a positive one does to the right
side with a thicker oxide. Therefore, a negative B field leads to a higher tunneling
probability than a positive B field. Moreover, the supply function SF always
decreases when a B field is applied, either positive or negative. A reduction of SF
implies a decrease of the charge population with a probability to tunnel, which
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Figure 3.84 Hybridization of y2 ((a) at B ¼ 0 T, (c) at B ¼ 500 mT) and y3

((b) at B ¼ 0 T, (d) at B ¼ 500 mT) states at B ¼ 500 mT
� 2015 INAOE. Reprinted with permission from Reference 3.395
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results in a reduction of the gate oxide tunneling. Besides the gate oxide non-
uniformity, the doping profile may be a source of nonhomogeneity. Three different
doping profiles, shown in Figure 3.89, are proposed as way to test the doping
nonuniformity. Doping profile 1 has a DopL ¼ 2 � 1018 cm�3 and DopR ¼ 5 �
1018 cm�3, doping 2 has DopL ¼ 1 � 1018 cm�3 and DopR ¼ 5 � 1018 cm�3, and
doping 3 has DopL ¼ 9 � 1017 cm�3 and DopR ¼ 5 � 1018 cm�3. Figure 3.90 shows
the percentage change of DIg/Ig for the B field swept from negative to positive
values with the doping profile as a parameter. For a positive B field the current
lines are deflected to the right side in the direction of the drain where the doping is
larger. A larger doping implies an increase of the threshold voltage, which results in
a smaller inversion layer charge population. Therefore, the supply function
decreases leading to a reduction of the tunneling current. Doping profile 3, which is
the less uniform doping shows the most pronounced asymmetrical DIg.

3.3.3 Conductance properties under constant and time-dependent
magnetic fields

The off-power consumption of integrated circuits is a critical issue of today’s most
advanced electronics. The gate oxide leakage current is one of the contributors to
the off-power, as well as the subthreshold off-current Ioff, and the reverse-biased
drain-bulk junction leakage current Idb. In this section we examine the influence of
the B field on both Ioff and Idb. At the end of the section the effect of a switching
B field on a gated-resistor, and the influence of the B field on the charge pumping
characterization are introduced.
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Figure 3.89 The three doping profiles used for the 28 nm nMOSFET simulation
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The regular Id–Vg characteristics of a (W/L) ¼ (1 mm/28 nm) are shown in
Figure 3.91. In this case no B field is applied, but the Vd voltage is sweep as a
parameter from 0.1 to 1.0 V in steps of 0.1 V. The off current Ioff and subthreshold
slope S as a function of the B field are plotted in Figure 3.92. Something quite
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unexpected is observed from Figure 3.92. There is no parabolic reduction of the Ioff

current as that shown by the control vehicle in Figure 3.68. On the contrary there is
a 395 per cent increase of Ioff for B ¼�800 mT, and of about 29 per cent increase
for B ¼þ800 mT. The subthreshold slope S follows the same trend as that of Ioff.

In the subthreshold regime the electrons move by diffusion, so the driving force
is the electron gradient (qdn/dx) along the channel. Under the bias conditions used
for this experiment and the geometry of the FET device, the carrier mobility m in the
channel is only about 200 cm2/Vs as extracted from simulations. This gives a mar-
ginal deflection of about 1.0 nm for a B field sweeping from �800 to þ800 mT, or in
other words, a sweep of about 1.83 degrees when varying B from �800 to þ800 mT.
The application of a B field perpendicular to the surface of the FET device, sweeps
the electrons to the left for negative B fields, and sweeps them to the right for positive
B fields. This is done thanks to the Lorentz’s force that makes the function of a
scanner mapping the conductance properties of the FET device along the width axis.
The increase of the Ioff current and subthreshold slope, when deflecting electrons
toward the edges in the width direction, corroborates the presence of a larger
mechanical stress in the edges than in the center of the channel. The Ioff–B asym-
metry is also an indication of the asymmetrical mechanical stress on the width axis.

Next the reverse-biased drain-bulk junction leakage current Idb is measured at
room temperature with no B field applied. The measured results and its corre-
sponding fitting to TAT [3.402] and direct BBT [3.403] are shown in Figure 3.93.
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Two regions are identified, the first one for Vd < 0.6 V, where TAT is the
dominant mechanism, and the second region for Vd > 0.6 V where BBT dominates.
The GTS Framework program was used to fit the experiments to the model that
accounts for both TAT and BBT tunneling mechanisms. The match between the
models and the experimental data is within a 10 per cent error, which from the
qualitative point of view is good enough. Once the electrical model has been
validated, the magnetic field is applied on the FET device, while the Idb–Vd char-
acteristics are recorded. The B field is applied perpendicular to the (x–y) channel
plane. The experimental results of the Idb–Vd characteristics for B ¼�800, 0, and
þ800 mT are shown in Figure 3.94. Around Vd ¼ 0.8 V there is a crossing point
where the magneto-conductance coefficient changes sign. For Vd < 0.8 V the
negative B field increases Idb while for Vd > 0.8 Idb decreases. The opposite hap-
pens for positive B fields.

This experiment indicates the TAT mechanism decreases when B goes from
negative to positive values, while the BBT mechanism increases when sweeping B
from negative to positive values. In other words, a positive B field sends electrons to
the right where the BBT is more pronounced, while negative B fields send electrons
to the left side where TAT is dominant. In the previous experiment a larger stress s at
the left side than at the right side of the FET device has been assumed. Therefore,
one can assume that a larger stress increases the TAT process, while it decreases the
BBT mechanism. Adding the corresponding effect of the mechanical stress s on the
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energy bandgap Eg, carrier mobility m, carrier density n, and on the effective phonon
energy ℏw0 [3.404], which is related to the TAT process,

ℏw0 eV½ � ¼ 0:0645 eV � 2:32x10�7s MPa½ � (3.87)

the effect of the B field on the Idb–Vd can be calculated as shown in Figure 3.95.
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The Idb–Vd curves were calculated for three different ℏw0 energies, 64.186,
64.245, and 64.310 meV, which resembles that of the experimental data shown in
Figure 3.94. This suggests that for each value of the applied magnetic field B
corresponds a value of ℏw0. It is readily observed that for negative B fields, where
current flow deflects toward the left side the IdTAT current increases, while for
positive B fields, i.e., current flow deflected toward the right side the IdTAT current
decreases. This is an indication of the correlation between asymmetrical magneto-
conductance and the mechanical stress.

In order to have a better appreciation of the influence of the B field on the Id–Vd

characteristics at different Vd voltages, a figure of merit called magneto-conductance
(MC) coefficient DId ¼ (Id@B 6¼0 – Id@B¼0)/Id@B¼0 is defined. The DId–B character-
istics for Vd ¼ 0.1, 0.1, 0.4, 0.8, 0.9 V, and 1.2 V are shown in Figure 3.96. At Vd ¼
0.1 V in the TAT region, the DId–B has a negative slope, i.e., the MC has a negative
coefficient. At Vd ¼ 1.2 V in the BBT region, the DId–B has a positive slope. i.e., the
MC has a positive coefficient. In between TAT and BBT, the MC coefficient DId

evolves from a negative slope to a positive slope passing by a sort of quasi-sym-
metrical shape. In between TAT and BBT both mechanisms contribute as can be
seen by the change of the DId–B slope around B ¼ 0 mT. The modification of the
tunneling mechanism caused by the application of an external B field is evident.

So far we have shown the effect of a static B field o the electrical behavior of
MOSFET devices, now a (W/L) ¼ (2 mm/65 nm) nMOSFET fabricated with a
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65 nm technology, and with a Tox ¼ 2 nm nitride oxide [3.405], is tested under
dynamic conditions. For this a square-wave magnetic B field is applied. A steady-
state B field induces a two-dimensional space modulation of the electron distribu-
tion on the channel, while a transient magnetic field induces an electromotive force
along the channel axis. The space modulation of the channel electron concentration
is proportional to the magnitude of the B field, while the induced electromotive
force voltage Vem is proportional to the time-varying rate (dB/dt). Both, the space-
and time-modulation of the electron channel concentration induce a surface
potential modulation, which causes an image force oxide barrier modulation that
results in gate oxide injection and channel current interference. The steady-state
results can be validated using the Minimos-NT simulation tool version that
accounts for the B field [3.373, 3.374], while the transient effects are validated with
a Minimos-NT-Spice macro-model. The experimental results of square-wave B
field applied on the MOSFET are shown in Figure 3.97.

The measured gate current Igate shows a positive peak þDIg for negative
transients of Bz and a negative peak �DIg for positive transients (see Figure 3.97a).
A positive transient implies a Bz field going from negative to positive value. The
frequency of the pulsed Bz is of 5 Hz with a (dBz/dt) rate equal to 10 mT/ms. The
magnitude of the magnetically modulated gate current peak þDIg is a function of
the magnitude of Bz and the rate (dBz/dt) as shown in Figure 3.98.

The fitting gives the following model.

DIg ¼ DIg0 þ C þ D
@B

@t

� �	 

� B (3.88)

where DIg0 ranges from 0.18 to 0.27 nA, C ¼�0.00156 nA/mT, and D ¼ 0.00565
nA-s/T2 [3.405]. The space- and time-modulation of the channel electron concentra-
tion results in a linear modulation of the oxide potential barrier FB at a rate of 1.1 �
10�5 eV/mT. The peak value Dns of this electron modulation is a linear increasing
function of B as shown in the right axis of Figure 3.98. The larger the magnitude of B
the larger the amount of surface electrons that are deflected either to the right or to the
left along the width axis. When B switches in time (dB/dt) thisDns charge is induced as
a gate current DIg ¼ (DQns/dt). The induced DIg current increases (þDIg) or decreases
(�DIg) with respect to its value at B ¼ 0 because the induced electromotive voltage
Vem ¼ �(dB/dt) � (W � L) also makes the Dns charge to be larger at the drain or source
side, which in turns results in an induced þDIg or a reduced �DIg. Because of the
induced Vem voltage the effective drain-to-source voltage becomes Vdeff ¼ (Vd þ/�
Vem), which also causes a modulation of the channel current DId as seen in
Figure 3.97b. For this case the induced drain current variation DId is not only depen-
dent on (dB/dt) but on the magnitude of B as well. In the linear regime the effective
drain current Ideff is roughly approximated by the following equation:

Ideff ¼ 1

1 þ q
m� � t � B
� �2

h i W

L

� �
mCox Vg � VT

� �
Vd (3.89)
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where t is the scattering time and VT is the threshold voltage. Notice from Figure 3.97b
that for the steady-state value of þBz ¼ 100 mT Id increases to þId, while for �Bz ¼
100 mT Id reduces to –Id. These variations are in the range of hundreds of nanoam-
peres and follow the model of (3.89). The Ideff–B curvature depends on the scattering
time t, which is a complex function of both Vg and Vd. For the particular case of
Vg ¼ 1.0 V and Vd ¼ 0.1 V t is equal to 1.029 ps, which is in the range (0.8–1.2 ps)
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reported for a two-dimensional electron gas on (111) silicon [3.406]. The use of time-
dependent magnetic fields, in conjunction with electrical characterization, serves the
purpose to investigate space- and time-dependent conductivity modulation of semi-
conductor devices, and thus gives some insight of the channel charge correlation with
the channel and gate currents when a magnetic field interferes with the device.

Finally, we introduce a modified charge-pumping technique [3.407] that serves
the purpose to determine the density of states at the semiconductor–oxide interface
of MOSFETs. Figure 3.99 shows the schematic representation of the charge-
pumping characterization settings.
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The source and drain to substrate junctions are reverse-biased, while the gate is
voltage pulsed between inversion and accumulation operation regimes. The sub-
strate current Icp is measured. The base voltage Vbase of the gate square voltage
sweeps from low to high values such as the channel goes from accumulation to
inversion regimes. The density of interface states Dit is then extracted from the
measured Icp versus Vbase. The electrical technique is applied to three nMOSFET
with different areas (7 � 7), (10 � 10), and (20 � 20) mm2. The SiO2 gate oxide
Tox ¼ 60 nm. However, in this case a magnetic B field is applied parallel to the
surface and perpendicular to the gate oxide current. The experimental results are
shown in Figure 3.100 [3.408].

The B field applied in the z-axis direction displaces the Icp–Vbase curves up and
down in current as seen from Figure 3.100a. The nonmonotonic response of Icp

versus the B field is better appreciated from the extracted Dit shown in
Figure 3.100b. More than 20 devices with different dimensions have been tested,
and all of them show the ‘‘N-shape’’ Dit–B characteristics.

The magnetic field B into the z-axis exerts a Lorentz force on the Ig current
lines moving across the gate oxide, but it also affects the potential distribution at
the semiconductor-oxide interface. It is the surface potential, or the energy at the
semiconductor–oxide interface, which at the end defines the electrostatics at the
interface and thus the Icp–Vbase characteristics. This is a preliminary approach that
is backed by the extracted threshold voltage VT as a function of the B field as shown
in Figure 3.101.

The extracted VT voltage does not follow an ‘‘N-shape.’’ It shows a maximum
shift of 1.5 mV at around B ¼�100 mT that coincides with the maximum of Dit,
and then rolls down for negative B fields as Dit does. At positive B fields the VT
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Figure 3.101 Extracted threshold voltage VT versus B field for a (10 mm � 10 mm)
nMOSFET biased at Vd ¼ 0.1 V
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increases but at a slower pace when compared to Dit. The magneto-modulation of
the threshold voltage has to do with a change in the surface potential, which backs
up the hypothesis that the Dit–B ‘‘N-shape’’ is related to the surface potential
magneto-modulation rather to a potential effect of the B field on the interface states
distribution. However, we have not ruled out any other potential explication as this
work is in its preliminary stage.

3.4 Conclusions

As a reference and starting point we have done a shallow analysis of the basic
electrical characterization techniques and models for conventional FET technolo-
gies. The electrical characteristics of a conventional SiO2 0.5 mm devices fabricated
with local oxidation for device insulation technique, have been compared to an
nitride/oxynitride stacked SiO2 65 nm fabricated with shallow trench device insu-
lation techniques, with a metal-gate high-k 28 nm strained device technology, and
with a 24 nm FinFET device technology. The supply voltage has a progressive
reduction from 3.3, 1.2, 1.0, and 0.8 V. The superior characteristics of high-k,
metal-gate, strained FET technologies are demonstrated by the current drive cap-
ability shown in Figure 3.102.

Different basic compact device models were also reviewed, and emphasis was
put on the Si2 and the CMC, which accomplished three industrial models: (1)
BSIM, (2) PSP, and (3) HiSIM. For small-signal performance and low overdrive
voltages, the BSIM4 is accurate enough, which makes it a good option for LNAs,
mixers, and other low-power circuits. For correct linearity estimation the PSP
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model seems to be a reliable choice. For large signal analysis, HiSIM is a good
model candidate.

The use of combined DC-RF measurements were introduced as an alternative
to extract parasitic components with using a single one-channel-length FET device.
The techniques showed to be useful for extracting capacitive and resistive parasitic
components from DC up to 50 GHz.

The effect of the drain-bulk reverse-biased BTBT parasitic current was
examined in terms of its impact on the FET RF performance. It was shown that this
parasitic current degrades the output conductance of RF FET devices, which
prompts from adding this parasitic current to the RF FET models.

Nonconventional bias conditions have been also tested to extract additional
information from FET devices. This is the case of a floating-gate n-type FET from
a metal-gate high-k 28 nm strained technology (Figure 3.103).

A memory effect is measured when the forward drain voltage is swept from
low to high and back from high to low values. Three regions, I, II, and III are
observed when sweeping the Vd voltage from 0 to �1.2 V. In general, any charge
accumulation near the transistor channel leads to threshold voltage shifts. Thus
when the density of trapped charge changes during a measurement, a hysteresis
effect is observed. If enough charge is trapped in a short period of time a negative
differential resistance effect (NDR) is observed as the one in region II. The floating
gate voltage is measured by setting a zero gate current Ig ¼ 0 A as a voltmeter
[3.59]. As a reference example, as similar with a flash memory, an abrupt current
roll down occurs when a floating quantum point charges/discharges with a control
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gate [3.409]. The remarkable difference is the number of trapped electrons needed
to block the conduction channel. The NDR effect observed in a high-impedance or
floating-gate MOSFET is explained as treating the drain, source, and bulk contacts
of an n-MOSFET as the emitter, collector, and base of a Bipolar Junction Transistor
(BJT), respectively.

The dashed curve in Figure 3.104 is the measured Id with all other MOSFET
terminals (source, gate, and bulk) grounded. In this case, current start to flow at the
channel surface (region I) and in the bulk at higher Vd voltages (region III) since the
potential barrier is lower at the substrate–oxide interface due to undesired trapped
charges and the built-in potential between gate and bulk. The dotted curve is
measured under flat-band condition (Vg ¼�0.5 V) so that only a volumetric, under
the semiconductor–oxide interface, current flows (region III). A BJT at the surface
(region I) works in parallel with another bulk BJT (region III). When the gate is
floating (continuous line), the FET transistor switches from the surface BJT to the
bulk BJT triggering the NDR effect (region II). The Vg voltage is a measure of these
facts. In region I the energy bands remain bent (Vg ¼ 0.0 V), while in region II, Vg

drops abruptly, indicating a surface-band straightening process, which continues
until the flat-band condition is reached.

The alternative way of measuring or characterizing a FET device, in this case
using a floating or high-impedance gate condition, can be explained by assuming
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that the system has reached equilibrium before carrying out the measurements. This
means that all contacts (source, drain, gate, and bulk) are grounded, and after some
time the gate must be also at zero. The relaxing process is accelerated when the gate
is grounded and disconnected to release it from any charge excess. Figure 3.105
shows the schematic representation of a floating gate FET.

When the switch is closed at t ¼ 0 s, charges start to flow across the resistance
and start to build up on the other side, reducing the electric field inside the circuit
down to its minimum value according to Gauss law. This happens almost instan-
taneously and very quickly VI ¼ Vo. In contrast, the charging process is much
slower if a potential barrier separates the input reservoir from the floating port, both
with quasi-Fermi levels EI and Eo, respectively (see Figure 3.105b). Initially, when
EI starts raising as a result of a negative potential applied to that contact, very few
electrons can be thermally activated to get over the barrier. As a consequence, EI

remains unchanged and a potential drop between input and floating port is estab-
lished. This situation corresponds to region I in Figure 3.104. As EI is further
raised, electrons gain enough energy to surpass the barrier at a larger rate and the
charging process of the floating port is now evident, which corresponds to region II.
This happens until EI ¼ Eo, a moment when the floating port is considered to be full
of charges (region III). This nonconventional bias condition serves to study the
charging and discharging process at the semiconductor-oxide system.

The BTI mechanism, which is one of the major concerns regarding the long-
term performance of FETs, has been also reviewed. BTI predicts the ability of FET
devices to withstand any change or shift in threshold voltage, mobility, current
drive, and transconductance capability. The density of states Dit has been correlated
to threshold voltage, where the Dit is in turn correlated to the semiconductor–oxide
interface. Therefore, with the incorporation of high-k dielectrics, the physical and
electronic quality of the high-k/Si interface reduces, which makes advanced FET
prone to an increase in degradation.

Region I Region II Region III

(a)

R

t = 0.0 s

VI

EI

EI

e’s

EI
EO EO

EO

I

VO

+

−

+

−

(b)

Figure 3.105 (a) Schematic diagram of a floating port Vo. (b) Band diagrams of
the floating port with quasi-Fermi level Eo separated by a potential
barrier from the input port with quasi-fermi level EI for each of the
three operation regions
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From a physics-based approach the degradation by BTI initially starts by the
continuous trapping of inverted charge, which locally modifies the energy gap of
the gate oxide, and thus creating interface traps. From an atomistic point of view
the continuous breaking of initially passivated S–H chemical bonds at the oxide–
semiconductor interface does this. It has been suggested, due to the high band offset
(~5 eV), that La2O3, in comparison to HfO2, could help to greatly minimize PBTI.
For n-type FETs, because of La2O3 large band offset for electrons in the conduction
band of Si as compared to HfO2, the gate-leakage current density reduces sig-
nificantly. The reduction of PBTI and gate leakage current is obtained even with
EOT ¼ 1 nm.

Not only the band offset of the gate oxide matters for NBTI degradation, but the
metal gate work function as well. The energy barrier seen by electrons coming from
the metal electrode and being injected into the high-k layer by a negative bias (gate
injection condition) depends on the metal work function. The replacing of a gate
electrode from a low to high work function material (aluminum to ruthenium, for
instance) reduces the gate injection by up to two orders of magnitude. But also leads
to thinner EOT, when compared to the aluminum gate case, which is indirect evi-
dence that any IL (with low-k) developed at the metal/high-k interface could be
minimized. In this sense, the use of inert metal electrodes for high-k gate oxide FETs
has a great potential to further scale down the EOT of these devices. The chemical
stability of metal gates with the underlying high-k oxide is also of the outmost
importance for the reproducible behavior of flat-band voltage and stable threshold
voltage for FET devices. There is a wide variety of metal gates that can be used for
the stacked metal/high-k systems, among them are Al, TaN, Ti, W, and Ru. The
thermodynamic stability of the meta electrodes when subjected to a PMA is mon-
itored by the observation of a displacement of the original C–V characteristics after
the PMA. From all these metals, Tungsten (W) is the more stable in terms of pro-
ducing similar C–V characteristics after the device has followed a pre-metallization
and post-deposition annealing processes. The W/La2O3–IL/pSi system structure in
an n-type FET has shown a higher endurance during BTI degradation.

It is also of a high importance to identify the dominant current components,
either electrons or holes, in the total gate leakage current (Ig). The charge type
identification is a powerful tool to correlate precision conduction mechanisms
during BTI stressing of the device and therefore, enabling a better estimation of
lifetime predictions for advanced FET devices.

The possible replacement of HfO2 by La2O3 for nodes below 14 nm (logic
technology) will depend on the ability of La-based and La-silicate IL (sometimes
combined with HfO2) high-k materials to aggressively scale down EOT below the
0.6 nm regime. However, additional processing of p-type FET devices and the
extraction of their performance and reliability, when metal gates with high work
functions are used, is required in order to consider La2O3 introduction into any
CMOS process.

The hot carrier (HC) mechanism has proven to be very persistent as technology
progresses and scales down from the micrometer to the nanometer scale. Power
supply voltage will decrease for devices scaling down to the sub-14-nm regime,
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which apparently will reduce HC, but it will also lead to an increase of ballistic and
quasi-ballistic transport, and carrier-to-carrier scattering, which in turns may
exacerbate HC effects.

From a conventional approach for non-nanometric devices, the carriers gain
kinetic energy when moving through a high electric field close to the drain region.
When their mean energy is larger than the thermal energy at the lattice temperature,
their kinetic energy is assumed to be distributed with a thermal-like Maxwellian
distribution at an effective temperature higher than that of the lattice, then the name
‘‘hot’’ carrier. Such a distribution is on a steady state with the local electric field,
and thus its effective temperature depends on the electric field.

For nano-scaled devices, quasi-ballistic transport, at least near the drain region,
becomes more substantial, and then a new model approach named ‘‘Energy-Driven
Model’’ emerges in contraposition to the ‘‘Lucky Electron Model’’ used for non-
nanometric devices. Thus, the assumption of a Maxwellian-like energy distribution
in steady state, with the local electric field, progressively breaks down as the size of
the high electric field region scales below 100 nm, and as the technology power
supply also scales down. Quasi-ballistic transport in the high field region results in
a rather shallow carrier EDF up to the total energy available in the high field region
and then a steeper tail at higher energy occurs. This energy ‘‘knee’’ leads to a hot
carrier damage rate that is dependent on the total available energy, not the peak
electric field.

The carrier-to-carrier scattering is an event through which carriers moving
along the FET channel gain energy. Monte Carlo or other simulation techniques
have been employed by many authors to predict that at drain voltages below about
3 V, electrons heat by carrier-to-carrier scattering should dominate the high energy
tail of the EEDF used to calculate impact ionization. There is an experimental
evidence, for n-type FETs, that the HC damage rate follows a quadratic dependence
on the drain current over much of the gate voltage range, which implies that the
knee of the electron-to-electron scattering tail does drive the damage rate.

The effect of temperature on the mean free path, a critical factor for HC,
decreases with scaling, and becomes small below about L¼ 50 nm. Thus for
nano-scaled devices the HC rate temperature dependence will be driven by other
parameters. Basically, as the ballistic transport becomes dominant, the dominance of
phonon scattering vanishes. This explains, up to some extent, the evolution from a
negative to a positive temperature dependence of the impact ionization with scaling.

A simple heat diffusion description breaks down for self-heating effects at
scales smaller than ~20–30 nm. This is because the active device volume decreases,
which make it more thermally isolated from the substrate that induces an enhanced
and localized self-heating effect. In nano-scaled devices phonon transport is ballis-
tic, where optical phonons are generated by HC and have low group velocity, which
tend to accumulate locally. Since the local phonon EDF is not thermal, the concept
of ‘‘lattice temperature’’ no longer applies, contrary to larger devices where heat
flow is dominated by the diffusion of acoustic phonons. Self-heating (SH) then
exacerbates HC degradation. For a device in static operation condition SH and HC
there may pose a serious reliability issue for analog applications.
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Moreover, HC DC stress is regularly done in static on condition under elevated
voltages. The result of this is an excessive local SH, leading to an unknown and
unpredictable acceleration of HC, and potential activation of the BTI degradation
mechanism. These considerations may necessitate methodology changes for HC
estimation and qualification. Degradation and reliability data taken from DC stress
conditions need to be corrected for SH, which may not be a trivial task to do
accurately. Therefore, DC characterization methods should be modified to account
for AC HC stress using on-chip pulse generators or oscillators.

The final outcome of degradation: filamentary conduction has been analyzed
as that corresponding to a breakdown or forming event of a thin oxide layer. The
dielectric breakdown of the gate oxide may cause partial or total loss of the tran-
sistor function as well as an increase in standby power consumption. The oxide
breakdown has been related to the formation of a percolation pathway through the
dielectric film, which is then correlated to the formation of a chain of traps, defects,
vacancies, metal atoms, etc.

The current runaway and the energy dissipation dynamics occurring during the
percolation damage is a result of a random distribution of defects inside the oxide
layer, where the rough estimation of the defect size, involved in the formation of
the breakdown path, is in the range of 0.5–1.5 nm. As shown in Figure 3.55b, in
some cases, the breakdown spots are visible through an optical microscope.

A wide variety of percolation models have been developed, among them some
based on the memristor device concept that deals with the reversible dielectric
breakdown. Other models have been served as the basis for single or multifilamentary
conduction, such as ReRAMs, electronic synapses, and neuromorphic circuits.

The dielectric breakdown has been conventionally defined as the gradual
increase of the dielectric conductance, with a change that can be abrupt depending
on the oxide thickness, device area, and stress conditions. However, the gradual
loss of insulating capacity is no longer valid for ultra thin oxides (<5 nm) since the
distinction between insulating and conducting is not well defined in this gate oxide
thickness range.

The oxide breakdown has been subdivided into three SBD and another three
HBD modes. SBD is classified into analog SBD (A-SBD), characterized by random
noise, and digital SBD (D-SBD) characterized by a random telegraph noise. The
third SBD type is the one called MB, which is characterized by a lower current than
that corresponding to a typical SBD. On the other edge HBD is correlated with and
without thermal effects, i.e., with and without lateral propagation of damage. The
third type of HBD is referred as nonlinear HBD (NL-HBD), which is an I–V curve
similar to that of the high-HBD, but with a reduction of its slope for voltages
exceeding some threshold. The SBD, which can progress with time is called PBD.
The PBD is a major reliability issue for hyper-thin oxides (<2 nm). For these
hyper-thin oxides the tunneling current makes difficult to identify HBD. As for the
SBD it becomes harder to identify for larger areas and thinner oxides.

A crucial problem that arises from SBD and HBD is whether a transistor
remain functional or not after a gate oxide breakdown event. The answer is not
simple, even if the device is able to survive after SBD, there may still be some
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impact of subsequent stress on the already broken down device. A digital CMOS
circuit, for instance, could tolerate many HBDs without affecting its logical func-
tionality. This means that depending on the particular application, reliability cri-
teria may be, in some extent, relaxed.

Within the approach of RS, the first oxide breakdown event upon the appli-
cation of electrical stress is called electroforming. The electroforming, from the
statistical point of view, is fully consistent with the percolation theory of dielectric
breakdown. After this, the application of increasing and decreasing voltage sweeps
leads to a pinched hysteretic behavior of the I–V characteristics, which has been
often interpreted in terms of the memristor concept. The memristor concept used in
combination with rectifiers, has been used to construct a family of electronically
reconfigurable circuit elements.

Finally, we would like to close out the conclusions by mentioning that a
relatively weak magnetic field B (
1 T) can be applied when doing electrical
characterization as an auxiliary tool. This is the case when measuring the gate oxide
tunneling current (Ig). The gate oxide current density is supposed to flow mostly
perpendicular to the channel plane. If there were vector components off the normal
to the channel plane, a pure electrical measurement would not be able to detect
them. According to the magneto transport theory a B field applied parallel to a
current flow would result in a null cross product vector, thus resulting in a null
effect of the B field on the Ig current. However, this is not the case as shown in
Figure 3.106. An evident effect of the B field on the Ig current is observed. The

1.5 6.0

4.0

2.0

ΔI
g (

pA
) @

 V
g =

 –
1.

2 
V

ΔI
g (

pA
) @

 V
g =

 0
.0

 V

0.0

−2.0

−4.0

1.0

0.50

0.0

−0.50

−1.0

−1.5

−2.0
−400 −300 −200 −100 0

Magnetic field, B (mT)

(W/L) = (1 μm/30 nm)
pFET, Vd = 0.1 V

100 200 300 400

Figure 3.106 Measured DIg differential current versus B field for a (W/L) ¼
(1 mm/30 nm) pFET biased at Vd ¼ 0.1 V

320 Nano-scaled semiconductor devices



measured differential gate current DIg ¼ (Ig@B 6¼0 � Ig@B¼0) versus the B field is an
asymmetric function.

The effect shown in Figure 3.106 can be interpreted as if were gate current
density vectors off the normal component to the channel plane. The B field, applied
perpendicular to the channel plane, produces a vector cross product that measures
this vector components as DIg. The B field also affects the energy distribution at the
semiconductor–oxide interface, which may be also another factor influencing on
DIg. Overall, the B field, applied at any direction, serves as an auxiliary tool to
investigate carrier transport effects that a simple electrical current characterization
technique does not.
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[3.385] Miranda, E., Jiménez, D., Suñé, J., et al., ‘‘Nonhomogeneous spatial
distribution of filamentary leakage current paths in circular area Pt/HfO2/
Pt capacitors’’. Journal of Vacuum Science & Technology B 2013;
31:01A107.

[3.386] Chang, W.-T., Chih-Chung, W., Lin, J.-A., and Yeh, W.-K., ‘‘External
stresses on tensile and compressive contact etching stop layer SOI MOS-
FETs’’. IEEE Transactions on Electron Devices 2010;57(8):1889 –1894.

[3.387] Xu, N., Wang, L. T.-N., Neureuther, A. R., and King Liu, T.-J., ‘‘Physi-
cally based modeling of stress-induced variation in nanoscale transistor

346 Nano-scaled semiconductor devices



performance’’. IEEE Transactions on Device and Materials Reliability
2011;11(3):378 –386.

[3.388] Gopinath, V., Aronowitz, S., Palankovski, V., and Selberherr, S.,
‘‘Effects of stress-induced bandgap narrowing on reverse-bias junction
behavior’’. In: Proceedings of the European Solid State Device Research
Conference, 2002, pp. 631–634.

[3.389] Asenov, A., ‘‘Random dopant induced threshold voltage lowering and
fluctuations in sub-0.1 mm MOSFETs: A 3-D ‘‘atomistic’’ simulation
study’’. IEEE Transactions on Electron Devices 1998;45(12):2505 –2513.

[3.390] Kaya, S., Brown, A. R., Asenov, A., Magot, D., and Linton, T., ‘‘Analysis
of statistical fluctuations due to line edge roughness in sub-0.1 mm
MOSFETs’’. Simulation of Semiconductor Processes and Devices
2001:78 –81.

[3.391] Patsalasa, P. and Logothetidis, S., ‘‘Optical, electronic, and transport
properties of nanocrystalline titanium nitride thin films’’. Journal of
Applied Physics 2001;90(9):4725 –4734.

[3.392] Wang, X., Brown, A. R., Idris, N., Markov, S., Roy, G., and Asenov, A.,
‘‘Statistical threshold-voltage variability in scaled decananometer bulk
HKMG MOSFETs: a full-scale 3-D simulation scaling study’’. IEEE
Transactions on Electron Devices 2011;58(8):2293 –2301.

[3.393] Balázs, J. and Podör, B., ‘‘on the theory of galvanomagnetic effects in
semiconductors with anisotropic scattering’’. Acta Physica Acaddemiae
Scientiarum Hungaricae, Tomus 1970;29(1):35–44.

[3.394] Balázs, J. and Podör, B., ‘‘Transverse magnetoresistance in plastically
deformed n-type Germanium’’. Physica Status Solidi 1970;37(119):
119–126.

[3.395] Rodrı́guez, R. and Gabriela, A, ‘‘A 2D simulation methodology for
thermo-magnetic effects on tunneling mechanisms of nano-scaled MOS
devices’’. PhD dissertation, INAOE, Mexico, 2015.

[3.396] Karner, M., Gehring, A., Holzer, S., et al., ‘‘A multi-purpose
Schrödinger-Poisson Solver for TCAD applications’’. Journal of Com-
putational Electronics 2007;6:179–182.

[3.397] Rodrı́guez-Ruiz, G. A., Gutiérrez-D., E. A., Sarmiento-R., L. A., et al.,
‘‘Thermo-magnetic effects in nano-scaled MOSFET: an experimental,
modeling, and simulation approach’’. Journal of the Electron Devices
Society 2015;3(2):78–84.

[3.398] Rodrı́guez-Ruiz, G. A., Gutiérrez-D., E. A., Sarmiento-R., L. A., et al.,
‘‘Experimental and simulation results of magnetic modulation of gate
oxide tunneling current in nanoscaled MOS transistors’’. IEEE Electron
Device Letters 2015;36(4):387–389.

[3.399] Rtsu, R. and Lesaki, L., ‘‘Tunneling in a finite superlattice’’. Applied
Physics Letters 1973;22(11):562–564.

[3.400] Shen, S.-C., Zhu, J.-B., Mu, Y.-M., and Liu, P.-L. ‘‘Wavefunction mix-
ture and composition for hybridized Zeeman states of P in Si.’’ Physical
Review B 1994;49(8):5300–5305.

Advanced device characterization techniques 347



[3.401] Lei, W., Wibbelhoff, O., Notthoff, C., et al., ‘‘Magnetic field induced
modification of the wavefunctions in InAs quantum dots’’ Physica
E2008;40(6):1870–1872.

[3.402] Hurkx, G. A. M., Klaassen, D. B. M., Knuvers, M. P. G., and
O’Hara, F. G., ‘‘A new recombination model describing heavy-doping
effect and low-temperature behavior’’. In: IEDM Proceedings, 1989,
pp. 307–310.

[3.403] Hurkx, G. A. M., de Graaff, H. C., Kloosterman, W. J., and
Knuvers, M. P. G., ‘‘A new analytical diode model including tunneling
and avalanche breakdown’’. IEEE Transactions on Electron Devices
1992;39(9):2090–2098.

[3.404] De Wolf, I., ‘‘Micro-Raman spectroscopy to study local mechanical stress
in silicon integrated circuits’’. Semiconductor Science Technology
1996;11:139 –154.

[3.405] Gutierrez-D., Edmundo, A., Molina-R., J., Garcia-R., P. J., Martinez-C.,
J., and Guarin, F., ‘‘Magnetic field induced gate leakage current in 65 nm
nMOS transistors’’. In: Published in the Proceedings of the IEEE ESS-
DERC’09 Conference, Athens, Greece, 2009, pp. 185–188.

[3.406] Gold, A., ‘‘Scattering times of the two-dimensional electron gas on sili-
con (111) with a density dependent effective mass’’. Journal of Physics:
Condensed Matter 2007;19:1–12.

[3.407] Groeseneken, G., Maes, H. E., Beltrán, N., and De Keersmaecker, R. F.,
‘‘A reliable approach to charge-pumping measurements in MOS transis-
tors’’. IEEE Transactions on Electron Devices 1984;ED-31(1):42–53.

[3.408] Gutiérrez-D. and Edmundo A., Private communication.
[3.409] Futatsugi, T., Nakajima, A., and Nakao, H., ‘‘Silicon single-electron

memory using ultra-small floating gate’’. FUJITSU Scientific and Tech-
nical Journal 1998;34:142–152.

348 Nano-scaled semiconductor devices



Chapter 4

The semiconductor device technology
and its societal impact

Edmundo A. Gutiérrez-D.1, Fernando Guarı́n2

and Pedro J. Garcı́a-R.3

4.1 Introduction

This chapter brings together the social implications and ubiquitous impact of
semiconductor devices in today’s life throughout every corner of the world. It is our
intention to show tangible examples on how high-technology electron devices have
improved the quality and conditions of human life, while helping to preserve a
sustainable and greener environment. We present here a compilation of several
different applications, where high-technology or state-of-the-art electron devices
make it possible to save vast amount of energy in several areas; from more energy-
efficient lighting, control of motors, scaling down to the plethora of electronic
systems that are prevalent in modern society and have changed the manner in which
we interact with others at the local and global levels. We intend to show how new
materials or fabrication steps, incorporated in the manufacture of high-technology
electron devices, have been combined to produce solutions that reach far beyond
the microprocessor’s mainstream. Applications beyond the highly integrated pro-
cessors, which are the main driving force of high-technology electron devices, have
been shown to be highly effective in several fields, such as energy conversion,
biosignal monitoring, human health, medicine, and drinking water monitoring and
decontamination, to list just a few examples.

4.2 Energy-efficient electron devices and the sustainable and
green environment

Let us start our journey by considering the environmental implications brought about
by the significant advances in our ability to switch power. In a relatively not too
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distant past early 1900s, we were in the era of mechanical switches and relays that
could only achieve speeds in the range of seconds. A major improvement was
achieved by the introduction of the bipolar transistor in around 1950, but it was bulky
for power applications and had relatively low current gain so it was replaced by power
metal–oxide–semiconductor field-effect transistors (MOSFETs) around 1970. While
today’s semiconductor switches (MOS transistors) can achieve rates that are nine
orders of magnitude faster (billions of switching events per second), these speeds,
however, can be achieved only for very small current loads. In the realm of higher
power applications, we can achieve an increase of six orders of magnitude (millions
of switching events per second) by using the insulated-gate bipolar transistor or
IGBT, a power semiconductor device pioneered in around 1980 by J. Baliga [4.1] that
is primarily used as an electronic switch in just about all of today’s modern appliances
and many more advanced systems, from lighting, electric washers, air conditioners
(anything with an electric motor) to electric cars, airplanes, bullet trains, and medical
applications. All of these modern advances we associate with a high standard of living
and convenience demand large amounts of energy and drive large increases to the
generated amount of CO2 emissions. The IGBT’s pervasive utilization has played a
significant role in reducing our carbon footprint by greatly diminishing the ‘‘on’’
power dissipation while reducing switching power losses and cost.

One of its major applications was to replace the mechanical distributor for the
spark-based ignition systems used to fire automotive combustion engines with the far
more energy-efficient electronic ignition system in the late 1980s. According to
Baliga’s estimates assuming a 10 per cent improvement in fuel efficiency, a cumu-
lative worldwide savings of 1.48 trillion gallons of gasoline has been obtained [4.2].

Thanks to the IGBTs small foot print and large power handling capability
compact fluorescent lights (CFL) are now possible, there are 20 billion CFLs used
today around the globe and they can be credited with an annual worldwide energy
savings of 1000 GW in 2015 [4.3].

It has been calculated that ‘‘the improved efficiency gained by using the IGBT
has resulted in saving over one trillion gallons of gasoline and reducing electrical
energy consumption by more than 50,000 terrawatt-hours (equivalent to not having
to build 600 one-gigawatt coal-fired power plants). This has saved consumers
$15 trillion while reducing carbon dioxide emission by more than 75 trillion
pounds’’ (Table 4.1) [4.1].

The social impact of the IGBT constitutes a remarkable feat for the tangible
contribution of semiconductor devices to our society [4.2].

Another significant contribution of semiconductor devices to society that have
enabled a new source of energy-efficient lighting are LED lamps fabricated using
Gallium Nitride GaN [4.4]. They emit a bright white light that lasts longer than
incandescent light bulbs and are more energy-efficient. They have made continuous
improvements, achieving higher efficiencies with higher luminous flux per unit
electrical input power. The most recent record is about 300 lm/W, equivalent to 16
regular light bulbs or close to 70 fluorescent lamps. Considering that an estimated
25 per cent of the global electricity consumption is used for lighting purposes,
white LEDs contribute to significant energy savings. The LED is expected to have
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a large societal impact for many people around the world that lack access to elec-
tricity grids. Thanks to the GaN LEDs’ low power requirements, they can be
powered by solar power in remote corners of the world [4.4].

The design and mass production of microprocessors, which constitute the
computing core inside of several computer-based platforms, such as personal
computers (PCs), laptops, smart phones, and car and plane electronic control sys-
tems, have been the driving force behind the miniaturization of the metal-oxide-
semiconductor field-effect-transistor, known as a MOSFET or simply FET. The
smaller the FET the higher its speed and integration density, which results in the
processing of huge amounts of electrical signals at a very high speed. An example
of this is the Broadwell microprocessor by Intel [4.5]. The Broadwell is fabricated
using a 14-nm manufacturing process integrating 1.3 billion transistors in an area of
about 82 mm2. This represents an integration density of 0.15 million of transistors
per square centimeter. This microprocessor would allow driving screens larger than
13 inches with resolutions of up to 3200 � 1800 pixels, with a battery life that can
extend for up to 11 hours, thus improving image quality and human mobility. As a
size-scale comparison, in the diameter of a human hair, which ranges from 20 to
180 mm, 1428 to 12850 14-nm transistors can be accommodated. In terms of rela-
tive size, a 14-nm scale corresponds to the size range of antibodies [4.6, 4.7] and
viruses, and it is even smaller than bacteria like the Escherichia coli (1 mm) or the
cancer cell (10 mm). The Intel Broadwell microprocessor is fabricated using 14-nm
FinFET transistor technology [4.12]. This FinFET is comparable in size to anti-
bodies, smaller compared to viruses, bacteria, and cancer cells. Therefore, if
materials or device structures, with different material composition, can be
manipulated at that scale, then an interaction of materials or device structures with
biology elements is possible. As referred in Chapter 1, there are already more than
20 different semiconductor, dielectric, and metal materials, as well as more than 14
different device-structures, incorporated into the manufacturing process, which
combined or used as separate elements, have a potential application with sensor or
actuator potential functionalities.

Table 4.1 Energy savings enabled by the use of IGBT’s and CFL’s
� Prof. J. Baliga. Reprinted with permission from Reference 4.2

IGBT-enabled
application

Cumulative gasoline
or energy savings

Consumer cost
savings

Utility cost
savings

United
States

World United
States

World United
States

World

Electronic ignition
system

318 B gallons 1477 B
gallons

$0.654 T $9.125 T – –

Adjustable speed
motor drive

26,170 TWh 56,910 TWh $2.537 T $11.38 T $0.398 T $1.12 T

Compact fluorescent
lamp

1550 TWh 16,120 TWh $0.156 T $3.224 T $0.26 T $2.98 T

Total $3.35 T $23.73 T $0.665 T $4.10 T
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Some already implemented examples are those based on Micro-Electro-
Mechanical systems (MEMs), finding applications in biomedicine [4.13], or the
‘‘lab-on-chip’’ concept [4.14], where microfluidics combines with the synthesis of
smart particles as a system for drug delivery into the human body. An example of
the alternative use of gate oxide dielectric layers for water decontamination has
been introduced in Reference 4.15, where TiO2 nanoparticles that have a photo-
catalytic UV reaction with E. coli in water are prepared as thin films using an
atomic layer deposition (ALD) system that is regularly used to deposit high-k FET
gate dielectrics. A slightly more extensive review on the use of nanotechnologies
for environmental remediation can be found in Reference 4.16, where drinking
water cleaning, removal of air pollutants, and clean-up of industrially contaminated
sites were addressed. Another example of the use of the ALD technique is in the
manufacturing of nanoporous alumina membranes, where ALD is used to modify
the pore size in the range of 2 nm, which then can be potentially used as an
implantable sensor or water purification–filtering membrane [4.17].

Besides the high-density integration, switching speed, and reduced short-
channel effects, provided by the FinFET technology, there is the energy efficiency
concern. AMD [4.18], for instance, has announced the Graphics Core Next, which
is a graphic processing unit implemented with a 14/16-nm FinFET that will basi-
cally double the energy efficiency when compared to previous versions based on
planar or bulk FET technology. In Reference 4.19, an analysis based on various
combinational and sequential circuits forecasts an average energy reduction of
10 and 1000 times in the super-threshold regime (strong inversion), and an average
16 and 3000 times in the near-threshold regime (weak inversion). These are results
compared to 14 and 45 nm bulk CMOS technologies, respectively.

High-density integration and high-speed information processing are two key
elements achievable with FinFET technology. However, there is still a third feature
required to get a high-performance and energy-efficient system; the storage and
retrieval of information. When FinFETs are used as access transistors in spin-
transfer torque magnetic random access memory (STT-MRAM), the FinFET-
accessed STT-MRAM has an average improvement of 116, 75, 27, 14, 22, and
43 per cent, in area, read/write latency, read/write energy consumption, and leakage
power, when compared to its CMOS counterpart [4.20].

For digital circuit, downscaling of FET structures brings benefits in terms of a
high speed of information processing, information density, and information storage.
On the analog circuit arena, as the transistor gain reduces with the channel length, the
downscaling tends to degrade analog circuit performance. However, for transceiver
systems used in optical interconnects, the FinFET-based amplifier in a 30 Gb/second
system, an energy saving of more than 0.1 pJ/bit (16%) can be achieved when com-
pared to fully-depleted SOI technology [4.21]. Other examples of analog FinFET can
be found in Reference 4.22, where by re-engineering of the source-drain extension
(SDE), the intrinsic gain and cutoff frequency are improved nearly twice compared to
devices with abrupt SDE regions. This improvement provides good opportunities for
ultra-low-voltage analog applications. On the other hand, experiments conducted at
cryogenic temperatures on 90-nm triple-gate FinFETs [4.23] shows a maximum
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voltage gain of 36.2 dB at 300 K with a roll down to 35.3 dB at 350 K, and also a roll
down to 33 dB at 100 K. The maximum transconductance per width (gm,max/W)
increases from about 1.8 [mS/mm] at 300 K up to 4.5 [mS/mm] at 100 K.

The variety of FET device structures, such as bulk CMOS, SOI-FET, and
FinFET are based on the conventional thermionic injection of electrons over the
source-to-drain surface energy barrier as shown in Figure 4.1.

When the channel length or the potential barrier width approaches 10 nm or
less, then some electrons are able to tunnel through, but still the majority of carriers
are injected into the channel by the thermionic process. A thermionic process then
still dominates the injection of electrons into the channel from the source, in the
subthreshold regime, where the subthreshold slope S is [4.24]
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Figure 4.1 Schematic representation of an energy barrier along the channel of a
MOSFET device, with the thermionic injection of electrons passing
over the energy barrier, and a probable tunneling injection through
the potential barrier
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at T ¼ 300 K. Cd and Cox are the depletion and gate oxide capacitances, respectively.
ys is the surface potential. The thermionic injection set a minimum of 60 mV/
decade as shown by (4.2). Figure 4.2 shows the subthreshold regime of a (W/L) ¼
(1 mm/30 nm) n-type high-k metal gate strained n-MOSFET at different temperatures.

As expected the increase in temperature T enhances the diffusive process, and
the subthreshold slope degrades. The smallest the subthreshold slope, the most
energy efficient the transistor is. Figure 4.3 shows the Id-Vg characteristics of a
14-nm two-fins FinFET and a high-k metal gate 28-nm bulk FET.

The FinFET exceeds the bulk FET by 27 per cent in the subthreshold slope,
and has a larger drive current capability than its bulk counterpart. The FinFET is
more energy efficient than the bulk FET. However, there is still a chance to
improve the energy efficiency by doing another change to the FET device structure.
The additional gain on energy efficiency is achieved by the use of band-to-band-
tunneling at the source/channel junction as shown in Figure 4.4.

The tunnel FET operation [4.24] is based on band-to-band tunneling at the
nþ-intrinsic junction as shown at the lower left side in Figure 4.4. For low values of
Vg (dashed line), the minimum of the conduction band edge EC does not overlap
with the maximum of the valence band EV, preventing electrons to move into the
channel. However, as the Vg voltage increases, the energy bands bend until EC and
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Figure 4.2 Measured Id-Vg characteristics of a (W/L) ¼ (1 mm/30 nm) n-MOSFET
biased at Vd ¼ 0.1 V at 5 different operating temperatures T. For the
sake of clarity, the subthreshold regime below Vg < 0.3 V has been
artificially extended to Id currents lower than 1 pA. The inset shows
the temperature dependence of the subthreshold slope S
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EV overlaps (continuous line). At this point, electrons are injected from the source
into the intrinsic channel through band-to-band-tunneling.

An excellent review on the potential applications of tunnel FETs toward less
than 0.5 V beyond CMOS logic is found in Reference 4.25, where several options
for high-performance tunnel FETs are projected for supply voltages under 0.5 V,
with on currents exceeding 100 mA/mm when using narrow bandgap heterojunctions.

In general terms the energy efficiency needs to be looked at from the device up
to the system level.

The evolution of the electronics has an inescapable dependence on the triad
space, time, and energy. Space and time has been two components of the triad that
have prevailed during this early evolution that accounted for the major transition
from vacuum tubes to solid-state devices, the concept of integrated circuit (IC)
[4.26], and one of the major developments at the system level, the solid-state flight-
computer used on the Apollo 11 mission. The Apollo mission is one of the first
emblematic examples of the ubiquitous societal impact of the electronics. It
represented a big milestone for humanity by allowing humans for the first time to
land on the moon in 1969. The Apollo Guidance Computer, which provided gui-
dance, navigation, and control of the flights to the moon, was the first flight com-
puter that used ICs [4.27] based on the resistor-transistor-logic (RTL). Of note,
2800 ICs from the Fairchild Company were flat-packed with a 16-bit CPU capacity
running at 2.048 MHz with a power consumption of 55 W.

It took only 19 years from the concept of the first transistor in 1947 to the first
commercial IC in 1966. The middle of the 1960s is the launching stage for the inte-
grated electronics as demonstrated by the first mainframe computers using ICs [4.28].
The early adventure of the integrated electronics extends until the 1970s, 1980s, and
1990s with the subsequent development of several computers and ICs based on bipolar
transistors, such as high-speed analog–digital systems, and optical fiber network
systems [4.29]. The bipolar technology extended beyond 20 ps/gate and up to cutoff
frequencies of 100 GHz, which was later combined with CMOS to form a BiCMOS
technology intended to reduce the power consumption aiming at telecommunication
applications. In 2008 a speed record of 618 GHz for peak fmax was achieved at an
operating temperature of 12 K [4.30]. Later in 2014 a record ac performance of 0.8
THz for a SiGe HBT operating at T ¼ 4.3 K is reported in Reference 4.31. A T ¼ 300
K projected roadmap based on TCAD simulations targets an fmax of 910 GHz for a
32-nm emitter width [4.32]. The incorporation of SiGe heterostructures in the bipolar
technology since the 1990s has been beneficial for increasing the speed close to the
TeraHertz (THz) regime, where automotive radars, and sub-mm-wave and near-THz
imaging systems look as a potential application. However, the SiGe HBT by itself is a
high-power consumption technology.

An option for high-speed devices and low-power consumption circuits and
systems is the FET technology, born in 1960 when Dawong Kahng filled the patent
on the electric field–controlled semiconductor device [4.33]. In 1964 Robert H.
Norman filled his patent for a 20-bit shift register composed of 120 p-type transistors
[4.34]. In 1963 F. Wanlass filled the patent on complementary FETs, i.e., the com-
bined use of p- and n-type FETs (CMOS) [4.35]. In 1968 the RCA company
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introduced the first commercial CMOS ICs, the so-called 4000 family [4.36]. The
4000 family ICs implemented a variety of logic functions, such as AND, OR, and
NAND, NOR. At this very beginning the CMOS ICs operated from a 3 to 15 V
supply range. It took only 8 years for the FET technology to go from the transistor
concept to the first IC. In 1971 Intel introduced the first integrated microprocessor
[4.38], the 4004 a 4-bit 740 kHz microprocessor with 2238 transistors.

Then in 1979 Intel introduced the 8088, a 16-bit microprocessor built with a
3-mm nMOS technology, that later was followed by the 80C88 and other variants
with speeds of up to 8 MHz [4.40]. A mature commercial product, the PC by IBM, is
launched in 1981 [4.39]. The IBM PC is based on the Intel 8088 microprocessor. The
launching of the IBM PC is a milestone that marks the beginning of a very fast
evolution of the CMOS technology and its multiple applications at the circuit and
system levels. It took only 21 years since the issue of the FET patent concept until a
mature and ubiquitous application, such as the PC, was released to the market. The
evolution of microprocessors has been accompanied by a parallel development of
memories as shown in the excellent review by C.-T. Sah [4.41]. The review covers
the 1928–1986 period of time, where the three-dimensional development of the one-
transistor dynamic random access memory cell is covered. From then on, there has
been an exponential explosion in terms of downsizing, number of transistors, and
transistors per square millimeter as shown in Figure 4.5.
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From 1970 to 2015 the minimum fabrication feature, for a microprocessor
technology, has exponentially decreased from 10 mm (10,000 nm) to 14 nm. The
number of transistors per microprocessor chip goes from about 2300 transistors up
to 1.9 � 109, which represents a transistor density increase from 55 transistors per
square millimeter up to 14.2 million of transistors per square millimeter. This is an
amazing rate increase of 890 � 103 transistor/mm2 per decade.

The explosion of the computer-platform–based systems over the last 20 years
emerged as pivotal impacting the society in a large extent. Thus electronics toge-
ther with its associated controlling software can be found everywhere; at home in
different domestic appliances, such as smart TV’s, fridges, washing machines, etc.,
at the industry in automation processes; at the amazing self-driving car [4.42], a
vehicle that can autonomously drive on roads, at any moment in the mobile devi-
ces, such as tablets or smart phones; at hospitals as different monitoring and surgery
instruments and biomedicine; at telecommunications and as many other aspects of
life as shown in Figure 4.6.

The microprocessor, as the main driving force of miniaturization during
the past two decades, has been the trunk of the very fruitful Electronics tree
(Figure 4.6), which has extended its benefits far beyond the microprocessor itself.
However, in spite of that huge societal benefit, it also comes with some detrimental

Figure 4.6 A very fruitful technology tree planted on a very productive
soil—the Silicon
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impact on the energy consumption and the environment. Figure 4.7 shows the
evolution of power consumption of some of the most relevant microprocessors
during the past decades since 1995 until 2015 [4.43, 4.44]. There has been an
exponential increase in the demand of energy consumption as the microprocessors
advance toward more complex architectures and processing speeds. There is a
myriad of different types of microprocessor for different applications, such as
servers, laptops, PCs, and mobile devices, with different performance and power
consumption, but in general, there is a trend toward an increase of power con-
sumption. In some specific cases, such as mobile applications, the speed is sacri-
ficed in favor of the mobility or long-term battery operation as shown in Figure 4.8.

The most performance-demanding microprocessors are those that require fas-
ter transistors and thus advanced technologies with an inherent larger leakage
power. On the other hand, the almost or always-on devices mobile devices, such as
smart phones or tablets, are designed with the purpose of improving its mobility or
long-term battery operability.

The energy efficiency of a range of several different computers, from PCs to
mainframes, has been doubling every 1.57 years from 1946 to 2009 [4.43], and
every 2.7 from 2009 on [4.44]. As quoted by J. Koomay and S. Naffziger in
Reference 4.44 the slight decline in energy efficiency is attributed to leakage
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current of miniaturized transistors. The data shown in Figure 4.9 belong to com-
puters operating at peak-output efficiency. However, because of power manage-
ment today most computers run at computational peak only a fraction of their
operation, which reduces power consumption. Additional strategies that help
keeping energy efficiency accounts for multicore dynamic management [4.45],
dynamic sleep-mode for mobile devices and desktop computers [4.46], and archi-
tectural innovation such as putting graphical processing units with and accelerated
processing units together in the same silicon die, allowing sharing power and
thermal management infrastructure that also helps energy efficiency as proposed by
the AMD company [4.47]. As quoted by a white paper by the AMD company
[4.47] ‘‘if all computers sold in U. S. A. were Energy Star certified, it would save
$1 billion and reduce greenhouse gas emissions by 15 billion pound annually, the
equivalent emissions of 1.4 million vehicles’’ [4.48], which denotes the relevant
importance of energy efficiency techniques, strategies, and architectures at the
device, circuit, and system level.

The moving or transport of the electron, which produces an electric current and
a potential, is the substantial mechanism used for the implementation of any digital
or analog function. This has been accomplished so far with bipolar- or FET-based
transistors. The electric current and its associated scattering and heat dissipation
effects are the mechanisms that contribute to energy waste. If one could avoid the
energy dissipative mechanisms of a moving electron, then one would be able to
create a high energy-efficient electronic system. This may be accomplished with
the use of spintronics. Spintronics has to do with the control and manipulation of
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the electron spin, or in other words with the detection and manipulation of the spin
state without the need of applying an electric current. A paramount difference with
charge-based devices is that spin-based devices are nonvolatile, are very fast, and
have a good endurance [4.49]. Figure 4.10 shows the analysis of energy versus
delay of inverters with fanout-4. The 15 devices shown in Figure 4.10 are grouped
into three different classes depending on whether they are controlled by charge or
spin, or a by an exciton. Table 4.2 shows the device classification.

The conduction mechanism differs from class to class. The most common and
widely used is the conduction that takes place over a potential barrier by diffusion
or drift. The tunneling via band-to-band is the mechanism through which carriers
are injected into the channel. The graphene pn junction device works in function of
reflection and transmission controlled by a gate. The BisFET is a graphene-based
device that functions by tunneling in between a graphene bilayer. Holes are injected
into one graphene monolayer and electrons into the other monolayer. Then they
bind into excitons that relax into a Bose–Einstein condensate.

A fanout-4 inverter is used as a benchmark to test the energy-delay char-
acteristics of the 15 different device topologies shown in Table 4.2. The results are
shown in Figure 4.10. The graphene nanoribbon technology is the most efficient in
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terms of energy efficiency and speed, followed by the heterojunction tunnel FET
devices.

Among the spin-based devices a nonvolatile magnetic flip-flop, which is
operational between 4 � 1010 A/m2 and 1012 A/m2, has been modeled and simu-
lated with a switching speed in the range of tens of nanoseconds to picoseconds
[4.50]. Such a CMOS-compatible topology reduces integration space and is
extendable to more complex circuits, such as shift registers. Despite spintronics still
faces many challenges, the results on flip-flops [4.50] are very promising for future
applications combined with CMOS.
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4.3 Applications to safe and green environment

We leave now the discussion on energy consumption and efficiency at the device
and circuit level, and move to a global level discussion by looking at the expansion
of urbanization, and its impact on energy consumption and efficiency. This will
be followed by a discussion on how technology, especially electronics, can help
to improve energy efficiency, food production, and alleviate greenhouse gas
emissions.

According to the Department of Economic and Social Affairs of the United
Nations [4.51], 54 per cent of the world’s population resided in urban areas in 2014,
and by 2050, 66 per cent of the world’s population will be expected to live in urban
areas. On the other hand, the rural population is now close to 3.4 billion and is
expected to decline to 3.2 billion by 2050. With these figures, 2.5 billion people
will be added to world’s urban population by 2050.

Just to mention a few urban areas, the six world’s largest cities account for
149 million of inhabitants as shown in Figure 4.11. Tokyo is the largest one with
38 million inhabitants, followed by Delhi with 25, Shanghai with 23, and Mexico
City, Mumbai, and Sao Paulo with 21 million each. These large cities require of
a very complex supply system for water, transportation, energy, food, and multiple
services, such as schools, hospitals, and public offices. Mexico City, for instance,
operates the second busiest publicly owned urban transport system in North
America after New York City [4.52]. According to the study in Reference 4.52,
Mexico City transport system moves about twice the number of passengers than
New York’s city; more than 3.5 million cars circulate a day that translates into

Table 4.2 Classification of electronic, spintronic, and
orbitronic devices
� IEEE. Reused with permission from Reference 4.49

Device Class Mechanism

CMOS HP Electronic Barrier
CMOS LP Electronic Barrier
HomJTFET Electronic Tunneling
HetJTFET Electronic Tunneling
gnrTFET Electronic Tunneling
GpnJ Electronic Refraction
SpinFET Spintronic Spin drift
STT/DW Spintronic Domain wall
SMG Spintronic Domain wall
STT triad Spintronic Nanomagnet
STO logic Spintronic Nanomagnet
ASLD Spintronic Spin diffusion
SWD Spintronic Spin wave
NML Spintronic Nanomagnet
BisFET Orbitronic Exciton
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30 million vehicular trips a day. Mexico City’s urban area is about 741,000 hectares
(1 hectare ¼ 10,000 m2), where the number of industries amount to 35000.

The number of inhabitants and industries around these large cities need to be
supplied with water, energy (in its different forms), food, and very critical services,
such as waste water sewage, emergency, and communications. This requires an
effective energy administration service that propels the other city’s functions. This
energy is basically consumed by four sectors: (1) industry, (2) services, (3) transpor-
tation, and (4) household and appliances. When looking at different information sour-
ces, there is discrepancy in the percentage energy consumption by sector, but in general,
the industry is the one with the largest consumption, followed by transportation, resi-
dential accounting for household and appliances, and commercial and services.

The energy consumption by sector is shown in Figure 4.12. The numbers
reflect an average percentage value for North America, South America, Europe, and
Asia. However, they might vary from region to region depending on the climate,
economy, and industry development conditions. In regions with extreme weather
conditions the use of cooling/heating systems accounts almost for the 40 per cent of
the energy delivered to residential and commercial buildings. In the United States,
for instance, the residential sector splits its energy consumption in 41.5 per cent for
space heating, 34.6 per cent for appliances, electronics, and lightning, 17.7 per cent
for water heating, and 6.2 per cent for air conditioning [4.53]. In Mexico, in regions
with mild climate conditions, for instance, the residential sector consumes
40 per cent for lightning, 29 per cent for the freezer, 13 per cent for the television,

40

Energy

To
ky

o

D
el

hi

Sh
an

gh
ai

M
ex

ic
o 

C
ity

M
um

ba
i

Sa
o 

Pa
ul

o

Food
Multiple services

Transportation

35

30

25

20

15

In
ha

bi
ta

nt
s [

m
ill

io
ns

]

10

5

0

Water

Figure 4.11 Number of inhabitants in the six world’s largest cities

364 Nano-scaled semiconductor devices



7 per cent for other appliances such as computers, 6 per cent for the iron, and a
5 per cent for the washing machine [4.54]. Then the question is how energy-
efficient are the components, instruments, systems, and strategies used to provide
energy, housing, transportation, food, water, and general services to the population?
The answer to this question could be intimately linked to the planning for economic
prosperity of mankind.

The pace at which population grows, food production changes, energy is
produced, city and industry infrastructure evolves, education and infor-
mation progresses, environment and natural resources are preserved, and
the science and technology is paired to them, will determine the success or
failure of mankind.

For the above to be a successful story, the first thing that we need to do is to
monitor, sense, or measure, as much as possible, the variables involved in the human-
to-environment activity; otherwise, we will not be able to change or feedback what we
cannot measure. An excellent socioeconomic analysis of energy use and prosperity is
done in Reference 4.55, where the figure of merit gross domestic product (GDP) per
exajoule (1018 Joules¼ EJ) of energy consumed is introduced. As a reference, the total
world energy consumption in 2010 was of 500 EJ. The energy productivity index
(EPI), measured in billions of euros (€) of GDP per exajoule of energy consumed, put
Hong Kong at number 1 with an EPI of 456, an economy almost 100 per cent based on
services. Germany, which has a strong industry infrastructure, is at number 17 with an
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Figure 4.12 Average energy consumption by sector. Graph assembled for
multiple open information sources
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EPI of 220 that shows countries can balance a high industry development with energy
productivity. The top 50 countries of the EPI [4.55] are shown in Figure 4.13. The
GDP these countries produce relative to the amount of energy they consume is an
example of the vast opportunities for improvement yet exist. We should, anyway,
recognize the extreme socio, economical, and political complexity required to influ-
ence on the variables that determine the EPI and the rate at which it changes with time.
However, we examine, from the technological point of view, options for moving
toward an energy-efficient society. These options comprise the use of ‘‘Internet of
Things (IoT),’’ ‘‘smart-cities,’’ and technology-assisted food production.

The IoT, which is a term originally coined by K. Ashton in 1999 [4.56], is
envisioned as the collection of different interconnected (via Internet) objects
(things) that would save society time and money. If time and money, in general, a
society spends in producing goods, accessing services of any kind, communicating
among individuals or groups, generating information, etc., is optimized, then
energy is saved as well. Here is where the electronics, signal processing (comput-
ing), and the communications, come into play together with transducers (devices
with the ability to monitor signals and actuate) to create energy-, time-, and money-
efficient conditions. Thus, as a natural extension of the IoT concept, the idea was
immediately extended to the human being urban environment: the city. Then the
‘‘smart city’’ term came in play as well [4.57]. The ‘‘smart city’’ term was adopted
since 2005 with the objective of applying complex information systems to inte-
grate, in an efficient way, the operation of urban infrastructure and services.
Figure 4.14 shows the schematic representation of a ‘‘smart city,’’ where the ele-
ments of a city, such as infrastructure, services, environment, and people, are
interconnected through either a wireless or a wired communication network.
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The ‘‘smart’’ term should be used very carefully. The smartness of the system
comes from the ability to dynamically collect several city variables, like tempera-
ture, humidity, pollution, drinking water inflow and consumption/waste, electricity
distribution, car traffic, medical service availability, emergency situations, and
many others, and be able in a short timeframe to respond and act for the city
operation correctness. For that to happen, a city should have a sensor network
distributed all over the city, with every and all of these sensors continuously
(dynamically activated to reduce energy consumption) collecting and sending
information to a data storage center, which then is processed by a signal processing
unit. Once the signal is processed, it is sent back for the actuator to respond if
needed.

The ‘‘smart city’’ scheme shown in Figure 4.14 is very complex in the sense
that captures a huge amount of information from a network of sensors that should
wirelessly connect with the information storage and communication center. Then it
should be processed, a decision taken based on a city operation model, and then an
order sent back to the actuator. The actuator can be a traffic light, a water pipeline
valve, a public lightning switch, an emergency action, etc. All of these require
energy to operate, and thus a careful analysis should be done in a way that no
energy consumption overhead, instead of energy consumption reduction, is created.
If possible, most of the sensors should be battery-operated and be supplied with
solar cell or any other kind of renewable energy. An initial approach toward this
goal has been initiated at the city of Amsterdam, the so-called Almere Smart
Society [4.58]. The deployment of information and communications technology
(ICT) at the city of Amsterdam is focused on promoting a more efficient urban
management, innovation and economic growth, strong social cohesion, and sus-
tainable development. The smart connections can also generate substantial cost
savings in running the city. For example, the local urban management processes
will be supported by an intelligent digital infrastructure for the exchange of infor-
mation, services, and applications between all municipal departments in areas, such
as public safety, traffic and mobility, waste management, and the coordination of

Information storage
and communication

Environment

Services

People

Infrastructure

Signal processing

Sensors/actuators

Figure 4.14 The interconnected city or ‘‘smart city’’ scheme
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relief efforts in the event of disruptions, incidents, or disasters in the city. This
project is led by a consortium of Cisco, IBM, Liander, Living PlanIT, and Philips.

For the efficient application of such an initiatives technology, not only plays an
enabling and synergetic role but also allows doing more for less. An example of
this is found in the automotive industry, where the efficiency of cars has improved
by 40 per cent since the inception of ICs in cars in 1978. The lightning efficiency
has increased by 339 per cent, while the computing processing efficiency has gone
up to an exorbitant nearly 3.0 � 106 per cent [4.59]. Another example of ICT
deployment is through the concept of ‘‘virtualization.’’ According to References
4.59 to 4.61, a single computer or server that replaces multiple operating systems
and applications, which were previously running in different computers, reduces
the energy consumption drastically. It is reported that more than 1.2 million servers
that have been virtualized until 2006 have saved 8.4 billion kWh of electricity a
year. This energy saving amounts for more than the heating, ventilation, and
cooling electricity consumed in New England in a year [4.62].

The use of technology in different industry sectors, including agriculture, has
resulted in an increase of energy efficiency as shown in Figure 4.15. The semi-
conductor industry, through the IC technology evolution, has dramatically

104 108

107

106

105

104

103

102

101

100

103

1978 2008

14.3 22.8
63

Sector Sector

57

20.0
50.4

1.46

167
57

Ef
fic

ie
nc

y

Ef
fic

ie
nc

y

2.8 × 106

2.8 × 106

1400

Energy-efficient improvement [%] 40 121 132 167 339

0.63

A
gr

ic
ul

tu
re

102

101

100

10–1 A
ut

om
ot

iv
e

St
ee

l m
an

uf
ac

tu
rin

g

Li
gh

tin
g

C
om

pu
te

r s
ys

te
m

s

Pa
ss

en
ge

rs
 p

la
ne

Figure 4.15 Energy-efficiency improvement for different industry sectors. The
units for automotive, are; miles per gallon of gas, the units for
Passengers plane, are: revenue passenger miles per gallon, the units
for Agriculture, are: units of output per unit energy use, the units for
Steel manufacturing, are: pounds of steel per MBtu, the units for
Lighting, are: Incandecent light bulb-13 lumens per watt for 1978,
and Compact fluorescent bulb-57 lumens per watt for 2008, the units
for Computer systems, are: 1400 instructions per second per watt for
1978, and 4e7 instructions per second per watt. The numbers above
the bars indicate the magnitude for the different sectors, and the bar
above the two histograms indicate the percentage in energy
efficiency from the period of time from 1978 to 2008, for each of the
6 industry sectors. Data taken from Reference 4.59

368 Nano-scaled semiconductor devices



impacted the computer industry sector with an astonishing nearly 3.0 � 106 energy
efficiency improvement. Henceforth, semiconductor-device–based technology
should be considered as the foundations for the development of solid-state sensors
and actuators [4.63], as well as energy conversion systems, such as solar cells
[4.64], thermoconverters [4.65], and energy-harvesting systems [4.66, 4.67].
Energy harvesting is a technology that captures energy from the ambient environ-
ment, such as heat, mechanical vibration, and sunlight, for instance. The electrical
power obtained from such an energy conversion mechanism is minimal, but enough
to keep maintenance-free battery-operated wireless-connected remote sensors.

Coming back to the ‘‘smart city’’ management, an option to administrate the
sensor network and combine that with the ‘‘smart city’’ model is by using graph
theory [4.68]. The graph theory, which is widely used in mathematics and computer
sciences, studies graphs as mathematical structures to model pairwise relations
between multiple objects. Graph theory finds applications in multiple fields, such
as social and information systems, electronic and computer systems, and in biolo-
gical and physical systems for instance. In electronic circuit theory, where a com-
plex circuit network may have multiple solutions, graph theory is used to find out
the optimal solution based on the conditions imposed by the user. In this way the
energy consumption of a circuit can be minimized at the expense of signal speed
processing or the other way around. Another situation may happen when, for
instance, signal resolution is preferred over signal range, and a reconfiguration of
the circuit is required for. From this perspective, a city can be viewed as a circuit
with multiple nodes, paths, flows, and types of signals. The water pipeline in a city
with pipelines of different cross sections and lengths, and lay on a terrain with
altitude gradients, can be viewed as an electric circuit (Figure 4.16), where the
water pressure is the potential, the water flow is the current, and the water valves
are switches or transistors. This way water consumption and leakage can be char-
acterized as it is done with electric circuits.

Water flow is an example where graph theory can be applied to study and
optimize water consumption and distribution, but it can be applied also for energy

Pressure or
potential

Valve or
switch

Flow or current

Turbulence or
resistance

Figure 4.16 Analogy between a city water pipeline and an electric circuit
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flow as shown in Reference 4.68, where at a scale of few hundred buildings, a
conceptual model is developed as an unified tool to compare energy efficiency
scenarios regarding a broad range of technological aspects of energy demand and
supply. The preliminary results indicate the model needs to be extended at a larger
scale and on real cases, in order to assess the robustness and efficiency of the sug-
gested algorithm.

The water and energy flow consumption and distribution is not the only multiple-
solution problem a city faces these days, but also the rapid increase in the number of
private vehicles and public transportation (of any kind), which represents a major
challenge to the city, in terms of traffic management, to reduce traffic congestion,
accidents, and air pollution. In Reference 4.69, a communication-oriented perspective
on traffic management for smart cities has been proposed. Twenty-four major Eur-
opean and international projects, with different technological approaches, aiming at
improving the Traffic Management Systems (TMS) are reviewed in terms of archi-
tecture, safety, efficiency, sustainability, energy awareness, reliability, security, and
innovative services. These proposed TMS include different technological approaches
that span from the use of wireless sensor networks (WSN), data sensing and gathering,
data fusion, processing, and aggregation, data exploitation (DE), service delivery
(SD), which is the product delivered to the end-user (drivers, authorities, private
companies, etc.). The DE uses the acquired information from the data processing
phase to compute optimal routes for the vehicles, short-term traffic forecasts, etc. The
graph theory may also find its application in the core model or the algorithm that needs
to take an optimal decision for the SD. The efficiency in economy, energy consump-
tion, and CO2 pollution reduction, relies on an optimal decision. According to
Reference 4.69, road traffic congestions have cost 200€ billion in Europe (2% of GDP)
and about $101 USD billion in the United States. With the aggregated delay of 4.8
billion hours and 1.9 billion gallons of fuel wasted worldwide. There are still open
questions on how to arrive at the optimal solution in terms of energy-, economy-, time,
and pollution-less–efficiency. These challenges represent plenty of opportunities at
the hardware (new materials, sensors/actuators, computing frames, etc.) and the
software (models, algorithms, architecture, logics, etc.) levels for the research and
innovation. This is testified by the recent efforts on improving energy efficiency of
WSNs using graph theory [4.70, 4.71], where innovative designs of efficient power
management and power failure diagnosis are developed. Energy-efficiency techni-
ques are used to improve the reliability of WSNs links based on three-phases secure
data aggregation. This three-phase approach optimizes the transmission distance and
thus improves energy efficiency, which alleviates the limited availability of energy
within network nodes. These models optimize the position of the sensors in terms of
energy consumption and power delivery.

A practical example of the use of graph theory has been applied in Mexico, where
a new methodology for the optimal design of water network sectorization has been
proposed [4.72]. This is focused on improving the management and security of
multiple-source water supply systems. In particular, the network sectorization
problem concerns the definition of isolated district meter areas, each supplied by its
own water source (or water sources), which is completely disconnected from the rest
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of the water system through boundary valves. This approach is based on minimizing
the dissipated power in the water network and has been tested on two existing water
distribution networks (WDN), one in Italy, and the second one in San Luis Rio
Colorado, Mexico. This is a proposal that leaves the traditional passive approach and
moves to a proactive and smart approach based on the possibility of inserting remotely
controlled gate valves and monitoring devices into the WDN. According to Reference
4.72 the low cost and availability of new remotely controlled monitoring and man-
agement devices can accelerate the upgrading of WDNs and its aligning to other
network systems, such as the one for the electricity, the gas, and the transport, which
already envisions a general smart city systems for multiple services (water, energy,
transport, security, etc.). The water network partitioning for both district metering and
sectorization can assist in modernizing water supply system for achieving water bal-
ance distribution, applying pressure control techniques, and protecting users and the
WDN from malicious attacks. The effectiveness of the graph theory–based approach
applied to the Mexican city of San Luis Rio Colorado, located at the border with
United States and with a population of nearly 180,000 inhabitants, was confirmed by
showing a minimization of the dissipated power, while maintaining the level of ser-
vice for the users. This methodology can be applied to a large water system, and it
offers water utilities a design tool that is based on performance indices that outper-
forms the in-use conventional empirical trial-and-error approaches.

So far we have taken an overview of different aspects of energy-efficiency at
the material, device, circuit, and system level, and its potential societal implications
at the urban environment, such as energy, water, and transport services under the
concept of ‘‘IoT’’ and ‘‘Smart City.’’ Now it is time to board the energy-efficient
sustainable green food chain (GFC) topic and its relationship to high-technology
semiconductor technology. We will start from the triple bottom line PPP context
introduced in Reference 4.73. The PPP context refers to production of food based
on the intersection of three elements: People, Planet, and Profit. This implies a
positive impact on society and natural environment while keeping long-term eco-
nomic benefits for the food producer.

The food production can be subdivided into four categories: (1) agricultural
food, (2) animal meat and derivatives, (3) processed food, and (4) drinks. In the
production of all of them, there are common factors: the use/waste of water, energy,
transportation, storage and conservation, distribution, and their associated pollution
(Figure 4.17). The whole GFC is by its own nature a very complex and multi-
disciplinary research area that deserves special attention. Although the food transport
accounts for over 80 per cent of goods moved in England (for instance, Reference
4.73) and that 25 per cent of Europe’s road transport CO2 emissions are generated by
large good vehicle, here we will only touch a few examples where technology can
help to make the GFC a sustainable and environment- and economy-friendly activity
for the mankind. We will basically focus on the food production, and we will not
touch the transport, storage and conservation, and distribution as shown in
Figure 4.17.

Livestock in particular ruminants like the cows account for up to one third of
methane emission worldwide [4.74]. Methane as a greenhouse gas has a pollution
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potential 25 times that of CO2 [4.75]. Thus, methane contamination contributes as a
large CO2 equivalent contamination from agriculture. Unfortunately, methane
(CH4) is not the only gas emission from animal husbandry, ammonia (NH3) and
nitrous oxide (N2O) are other gasses emitted by animals. NH3 emission cause
eutrophication and acidification and thus plays an important role in the decline of
biodiversity and dying of forests [4.76]. The methane emission from ruminants is a
chemical process that has to do with the food digestion chemistry in the rumen of
the animal. According to Reference 4.77, there exists multiple factors that influence
methane emissions from cattle and include the following: level of feed intake, type
of carbohydrate in the diet, feed processing, addition of lipids or ionophores to the
diet, and alterations in the ruminal microflora. Manipulation of these factors can
reduce methane emissions from cattle. Cows exhale gasses as burps while they are
grazing and roaming around the pasturelands, which is not easy to monitor and
control. However, researchers from the Sustainable Agriculture Flagship in
Australia [4.78] are installing tiny wireless devices that will monitor chemical,
temperature, and pressure conditions inside the rumen of the cows. The evaluation
of the wireless remote sensing system is described in References [4.79–4.81].

The system is schematically described in Figure 4.18. It consists of an electronic
circuitry with sensing capability, signal conditioning, a preprocessing analog-to-
digital unit, and a transmitter/receiver stage. Everything is inside of a capsule (bolus)
in the rumen of the animal. The system is battery-operated and connects with an
external computer via a wireless channel. The physiological variables such as pH or
temperature are continuously monitored. The information is then processed at a
computer, which based on a livestock feed model, adjusts the cattle diet, so the pH
and temperature goes into a range where methane emission reduces. This requires
the farmer to check the wireless systems and the cattle diet in a continuous basis until
an optimal livestock feed and pH–temperature relationship is found.

The Veracruz state in Mexico, which is located in the tropical area, has a con-
siderable cattle population, which is exposed to climate changes that affect the milk
and meat production and quality. The measured impact of climate changes and inap-
propriate cattle feed results in a 10 to 25 per cent reduction in milk production for
instance [4.81]. Therefore, besides control of methane emission, a pH and temperature
control is required to keep cattle healthy and in an adequate milk production level. Off-
the-shelf electronic components were used for the design and fabrication of the
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Food storage and
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Figure 4.17 Schematic representation of the food chain
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wireless system. For temperature monitoring a precision centigrade solid-state
LM35DZ Zener diode [4.82] was used as temperature sensor, with an accuracy of
�¼

�
C, from room temperature up to 150

�
C. For the pH variable an ion-sensitive field-

effect-transistor (ISFET) [4.83] fabricated by the Microelectronics Institute of Bar-
celona, Spain [4.84] was used. The ISFET is a modified version of an FET device.
There is no gate electrode and the oxide is exposed to the chemical agent, which
changes the potential at the oxide–semiconductor interface and the channel current at
the same time. The pH level is then associated to the channel current variation. The
signal conditioning circuit was designed and developed at the National Institute for
Astrophysics, Optics and Electronics (INAOE) at Puebla, Mexico [4.85]. It is a tem-
perature-compensated preamplifier that includes a self-calibration system for the pH
sensor. This signal-conditioning block is connected to an Arduino Fio microprocessor
[4.86] that converts the analog signal from the signal-conditioning block into a digital
signal. Then the digital signal is transmitted with an Xbee wireless module [4.87] and
received at the outside by the computer system. An IEEE 802.15.4 communication
protocol is used for the transmission/reception of data. The wireless system covers a
30 m2 area, and is powered with a 72-hour continuous use of Li-ion rechargeable
battery. The measured values for the pH and temperature over a time span of 6 hours,
from 8:00 to 14:00 hours, are shown in Figure 4.19.

The wireless system went on at 8:00 hours, the cow was fed at 9:30 hours, and
the measurements were stopped at 14:00 hours. According to Reference 4.88 a
prototype with these characteristics should be capable to show a pH range in
between 5.4 and 6.8 with a �0.1 pH resolution, if is to be used for monitoring
acidity or alkalinity of ruminal contents. For optimum fermentation of the diet and
fiber digestion, ruminal pH should be between 6.0 and 6.4. Thus a prototype with
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Figure 4.18 A wireless electronic system for pH, temperature, and pressure
remote monitoring of cattle
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these characteristics is within the expected range, which shows that off-the-shelf
electronics, sensors, and computing capability can be used to help farmers to
increase milk production at this very preliminary stage.

Besides cattle grazing, there are other activities done in the rural field, as is the
case of agricultural crop. Agricultural activities use about 85 per cent of available
freshwater resources worldwide [4.89]. Therefore, there is an immediate need to
look at water management and its implications in a sustainable water-agricultural
production system. The optimization of water for use in agricultural crops, through
the use of electronics, sensors, computing, and wireless communication systems, is
a very valuable and efficient approach as demonstrated in Reference 4.90. An
automated irrigation system using a WSN and GPRS (general packet radio service)
module has been put in place in San Jose del Cabo, Baja California Sur (Mexico).
As shown in Figure 4.20, the system has a distributed WSN of soil-moisture and
temperature sensors placed in the root zone of the plants. A wireless information
unit (WIU) handles information from the wireless sensor units (WSU), triggers
actuators, and transmits data to a web application. An algorithm, which resides in a
microprocessor installed in the WIU, with threshold values of temperature and soil
moisture controls the water administration to the crop.

In order to save energy and have autonomy the system is powered by photovoltaic
panels. It has a duplex communication link based on a cellular–Internet interface that
gives access to data inspection and allows irrigation scheduling to be programmed in a
remote way through a web page. As shown in a 1-week period of time in Figure 4.21,
the system benefits of the high solar radiation existing in the Baja California peninsula.
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Figure 4.19 Measured pH and temperature versus time
� 2015 Instituto Tecnológico de Veracruz. Reprinted with permission from Reference 4.81
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Figure 4.20 Schematic configuration of the automated irrigation system
with a WNS
� 2014 IEEE. Replotted with permission from Reference 4.90
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Figure 4.21 Solar radiation along the experiment of the charge–discharge cycle
of the WSU during a period of time of a week
� 2014 IEEE. Replotted with permission from Reference 4.90
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The solar energy is converted into electricity, which is then used by the WSU and WIU
through a voltage regulator enabled for a period of 20 seconds by the microcontroller.
This is enough time for the radio modem to wake up and transmit the data. This way,
the total average power consumption is kept at 0.455 mAh. This allows a charge–
discharge cycle of the batteries as shown in Figure 4.21. The data in Figure 4.22 are for
a period of 20 days in the winter with the solar panel connected and disconnected.
Thus the photovoltaic panel and the batteries provide sufficient energy to maintain the
WSU running for the whole crop season.

The automated system was tested in a sage crop field for 136 days and water
saving of up to 90 per cent compared with traditional irrigation practices if the
agricultural zone were achieved. The WIU and WSU cost of 1,900 USD plus its
energy autonomy makes this system useful in water limited and geographically
isolated areas.

4.4 Applications to human health and medicine

4.4.1 Introduction
The pace of life in society has always gone hand-in-hand with technology. As a
glance, for people born in the 1960s or 1970s, it was common to turn on the TV
a half an hour in advance respect to the scheduled start of the show. One could see a
tiny light spot right in the center of the phosphor-coated screen that was opening

Day

With solar panel
Without solar panel

Vo
lta

ge
 [V

]

0 5 10 15 20
3.6

3.7

3.8

3.9

4.0

4.1

4.2

4.3

Figure 4.22 Battery charge–discharge cycle of the WSU
� 2014 IEEE. Replotted with permission from Reference 4.90
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until the image appeared completely [4.91]. There was plenty of time in a day.
Nowadays, a product like TV vacuum tube, although it may have interesting attri-
butes, would not succeed in the market because it would not cover user expectations.
Just turning on our electronic equipment and noting a timeout greater than 1 minute,
which it may take to enable all parts of its system, it is sufficient reason to panic.
Then, society wishes products that allows them to be interconnected at anytime,
anywhere, and with the highest transmission quality. Semiconductors are present in
most of the modern electronic devices that we use. They control the computers we
use to conduct business, the phones and mobile devices we use to communicate, the
cars and planes that get us from place to place, the machines that diagnose and treat
illnesses, the military systems that protect us, and the electronic gadgets we use to
listen to music, watch movies, and play games, just to name a few.

Technology is moving so quickly, and in so many directions, that it becomes
challenging to even pay attention—we are victims of ‘‘next new thing’’ fatigue. Yet
technology advancement continues to drive economic growth and, in some cases,
unleash disruptive change. Economically disruptive technologies—like the semi-
conductor microchip, the Internet, or steam power in the industrial revolution—
transform the way we live and work, enable new business models, and provide an
opening for new players to upset the established order [4.92]. Business leaders and
policy makers need to identify potentially disruptive technologies, and carefully
consider their potential, before these technologies begin to exert their disruptive
powers in the economy and society.

The power of new technologies is everywhere. They change how businesses
make money and how we live and work, sometimes with amazing speed.

Electronic gadgets have supplemented recreational activities that need power
and real energy just to do it, but today we can now play games and adventures by
just sitting and playing any video game console [4.93–4.95]. Some gadgets are used
for security purposes like the spying camera, surveillance camera, detectors, bio-
metrics, and other gadgets that are used for security purposes [4.96]. With this
innovation and advancements the security is safer and better. It is also used in some
works like computers that is widely used through the aid of the Internet and all the
things, whereabouts and happenings are just nearer and easy one click to make us
more updated every day. There are also several professions that have been evolved
because of this digital era that gadgets are widely used. A microscopic specimen
can be enlarged up to 100,000 times through the scanning and transmission of
electron microscope, which is a very powerful tool. It allows scientists to study
even minute pathogens such as the AIDS virus. In physics, some laser devices are
developed and used in medical purposes like cataract treatment [4.97]. Ultrasonic
devices are also an effective tool in determining the sex and position of unborn
fetus, which illustrates the concept of the interrelatedness [4.98].

On the other hand, social media was practically unknown a decade ago,
yet almost one and a half billion people now has Facebook accounts; in fact,
entirely new ways of socializing and interacting with friends, family, and collea-
gues have become the norm. Considering mobile devices market, by 2017 nearly
more than 10 units will have downloaded 77 billion apps. By 2020 there will be
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50 billion networked devices, according to estimates from Cisco, since less than
1 per cent of objects are today connected to the Internet [4.99]. Around the world,
hundreds of millions of people have been lifted out of poverty as developing
nations have adopted the technologies that drove growth in advanced economies in
earlier times. Today, technologies such as the mobile Internet are helping to
accelerate economic development, allowing millions of people in remote areas of
developing regions to leapfrog into the 21st-century global economy. We notice the
effects of new technologies as they rapidly change our work routines, the way we
spend our leisure time, or the products and services we use (often, increasingly, and
free). We experience the benefits of new technologies in profound ways when they
save or extend our lives or those of our loved ones [4.100].

Semiconductors has pervaded our lives for the past 50 years, with massive
penetration into health, mobility, security, communications, education, entertain-
ment, and virtually every aspect of human lives [4.101–4.104].

The shift from the microelectronics era, where semiconductor devices were
measured in microns (1 millionth of a meter) to the new era of nanoelectronics
where they shrink to dimensions measured in nanometers (1 billionth of a meter)
will make the semiconductor sector even more pervasive than it is today. It will
allow building much more intelligence and far greater interactivity into many more
electronic items around us.

Technology will play a part in virtually every aspect of our lives, from personal
health and traffic control to public security. In the past decades, as the main stream,
mainly Moore’s law, with two focused development arenas, namely, IC miniatur-
ization down to nanodimension, powers these progresses and SoC (Systems on
Chip)-based system integration. While microelectronics community continues to
invent new solutions around the world to keep Moore’s law alive and even to go
‘‘beyond Moore’’ with disruptive technologies, there are ever-increasing aware-
ness, R&D effort and business drivers to push the development and application of
‘‘More than Moore’’ (MtM) that are based upon or derived from silicon technolo-
gies but do not simply scale with Moore’s law (with typical examples as RF, power,
sensor and actuator, heterogeneous integration, etc.). This emerging trend is par-
tially trigged by the increasing social needs for high-level system integration
including nondigital functionalities, the necessity to speed up the innovative pro-
duct creation and to broaden the product portfolio of existing wafer fabs, and the
limiting cost and time factors of advanced SoC development.

Semiconductors not only enable traditional technologies to become smarter and
more effective, they also have led directly to the creation of entirely new industries,
such as mobile telecommunications, which is reinventing entertainment, media,
commerce, and many other sectors of the global. The pace at which mobile phones
have been adopted around the world is unmatched in the history of technology,
according to the World Bank, and its growth is in large part due to semiconductors. It
is estimated that in the United States alone form 1960 to 2007, more than 35 per cent of
the communication-equipment industry’s growth was attributable to semiconductors
[4.105]. And as semiconductors grow, more powerful and energy efficient, so too do
the mobile phones and networks they support, at an increasingly lower cost. This
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makes mobile telephony available to literally billions of people, many of whom live
below the poverty line. In many parts of the world, a mobile phone is more stable than
a home address. The revolutionary impact of the smartphone across both emerging
and advanced economies is clear. And it’s only the tip of the iceberg: mobile
devices—including not only smartphones, but tablets and new wearable devices like
Google Glass and Pebble’s smart watch—lie at the epicenter of the hyperconnected
age and represent a new frontier in innovation, social, and economic development.

Semiconductors have become critical components in virtually every aspect of
automotive operations, and the transition from mechanical to electronic systems has
created one of the fastest-growing market segments for the industry at 8 per cent
annual growth. This transition has made automobiles safer and more dependable
than ever before. The penetration of semiconductors into all facets of the car—from
the engine and transmission systems to the airbags, cruise control, and braking
componentry—has been dramatic. Ford Motor Co. estimated that in 2010, 30 to 45
per cent of a car’s value came from the electronics embedded in the vehicle [4.106,
4.107]. Semiconductors are also making automotive transit time sustainable.
Achieving emissions reductions in conventional drive trains requires constant
monitoring and correction of engine performance. Powertrain microcontrollers and
power modules help make engines more efficient by reducing fuel-injection losses
and optimizing gear ratios and shifting, which reduce energy waste from hydraulics
and friction. Some carmakers now offer advanced driver assistance systems, which
integrate adaptive cruise control, lane-drift warning system, blind-spot detection,
low-speed collision avoidance, and rear-facing cameras to help drivers avoid
potentially dangerous conditions. Hybrid and all-electric vehicles have even higher
semiconductor content: the Volt (a plug-in hybrid car) uses 10 million lines of
software code and 100 electronic controllers, and each Volt on the road has its own IP
address.

The video game market is among the biggest of all entertainment branches.
With 14.8 billion USD in sales, its size has more than doubled between 2006 and
2012 [4.100]. These sales figures comprise revenues from console and computer
games. Gamers in both markets need a complement to play the game, either a
computer with the sufficient hardware power or a console. Whereas in the console
market the console itself is sufficient, a PC gamer needs to consider minimum
system requirements of the game. The game will not run smoothly if the computer
is not power enough. Moreover, technological progress is different for consoles and
computers. Whereas consoles make discrete quality jumps from one generation to
the following, hardware power of computer rises more incrementally over time.
The attractiveness of a computer gamer is largely driven by how realistic the
game’s graphics, physics, and artificial intelligence is. However, the more realistic
a game becomes, the more demanding a game becomes computationally. Only
consumers with a sufficiently powerful PC will be able to play the game.

We often think of semiconductor simply as commercial products. Yet scientists
and researchers have been for years searching for technological solutions to help
improve medical diagnosis and the treatment of patients [4.108, 4.109]. Indeed, the
rapidly growing processing power of semiconductors is both improving the patient’s
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experience today and changing the future of health care. Thanks to the increasing
power and sophistication of RFID devices and other tracking tools [4.110, 4.111],
semiconductors are already giving nurses and doctors far more powerful abilities to
monitor patients, find medicines within the hospital, and track expensive diagnostic
equipment. As hospital system merge their data into electronic record-keeping, they
can easily check to ensure drugs do not cause adverse interactions; manage patient
charges and reimbursements; and make sure that specialists treating a patient are
aware of what other doctors and nurses are seeing during their interactions. These
initiatives will have significant positive effects on patient outcomes, but they are
only the most visible current developments. As rapid improvements in semi-
conductor electronic merge with nanotechnology and wireless sensor networks, a
new generation of micromachines becomes feasible. These include new forms of
pressure sensors for blood pressure; micropumps for infusion drug delivery; ultra-
sound sensors for medical imaging, and a whole range of microactuators, silicon
microphones, and microelectrodes to improve the performance of hearing aids
[4.112–4.118]. At the same time, powerful large diagnostic equipment that used to
reside only in a hospital or a doctor’s office will increasingly be available on mobile
phones. Such devices put more control in the hands of patients and allow them to
quantify their healthy behaviors more accurately. The ability to use wireless tech-
nology to monitor patients remotely is a tremendous breakthrough for the health care
industry. Telemedicine initiatives not only improve care for the chronically ill but
also can make health care available to millions of patients in remote regions where
access to doctors and nurses is scarce. The power of semiconductors also puts society
on the verge of medical revolution in which designer medicines will be created for
individual patients based on their unique genetic profile. This is becoming feasible
because powerful sequencing machines run by semiconductors can decode an indi-
vidual’s genetic profile in a single day.

In 1965, Gordon Moore published his legendary paper ‘‘Cramming more com-
ponents onto integrated circuits’’ [4.119]. In this paper, he described that the number
of components in ICs had doubled every year since the invention of the IC in 1958
until 1965, and that this trend would continue for at least 10 more years. Now, almost
five decades later, industry is still following Moore’s law, even though Moore
himself has predicted on many occasions its end. Indeed, one needs to point out that
since the development of the 130 nm technology node, it has become more and more
difficult to scale down the traditional MOSFET structure in order to keep up with the
pace of Moore’s law. Especially in the last decade, many innovations such as high-k/
metal gate and strain engineering have been introduced to ensure the required per-
formance improvement with every new technology node. However, these material
innovations are not enough to control ever-increasing off-state leakage problem in
these advanced devices. New devices architectures such as multigate devices have
emerged as a means to solve this issue by increasing the gate control through geo-
metry. Although proposed already in the beginning of the 1980s, multigate devices
(Delta FET, FinFET, trigate, etc.) and more generally fully depleted transistors have
long been considered the exotic devices that somehow were no real contenders to
replace the planar bulk MOSFET. With Intel’s announcement to introduce trigate
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architecture on bulk substrate at the 22 nm technology node in 2011, a new era of
MOSFET scaling arrived [4.120]. It is expected that more companies will follow and
introduce multigate devices at future technology nodes.

4.4.2 Invasive and noninvasive biosensors
A device or procedure that requires penetration into the body is referred to as
invasive. A different set of constraints must be considered when designing sensors
for use on human compared to those in the automotive, telecommunications, or
environmental fields. Foreign materials in the human body are often rejected and
attacked by the immune system. This can lead to dangerous complications for the
device and the individual. The complications that go along with designing invasive
sensors can make the process very difficult. Some biosensors justify a requirement
for being invasive. Two challenges are addressed in general—packaging and
electrical configuration methods for biocompatibility and filtering methods for
signal noise reduction. Packaging for biocompatibility must encapsulate the device
in a biocompatible material while maintaining functionality. Sending a current
through an in vivo device must be done in a manner to avoid unintentional dis-
charge or unnecessary heating effects.

Sensors are implanted to provide information that was previously inaccessible
[4.121, 4.122]. This information along with the knowledge of the relationship
between the sensor and the measured object provides information regarding the
condition of the measured object. Sensors are implanted practically everywhere to
measure the condition of objects. One of the first and still the largest areas using
biosensors is the medical field [4.123–4.128]. The demand to save lives inspires the
development of sensors that can measure bio signals from vital signs both in sur-
gery and during transport to high-powered sensors that can practically create a
pinpoint image of any location in the human body. The use of these devices is not
limited to the medical field however. Biosensors are used in many laboratories to
monitor much more than just vital signs.

Biosensors are not commonly created for permanent use in a single subject, but
rather for many subjects for a variety of tests [4.129, 4.130]. This need to repeat-
edly apply and remove the sensor that makes noninvasive sensors desirable. These
noninvasive sensors must find ways of effectively collect data from biosignals
detectable outside or on the exterior of the body. Noninvasive biosensors collect
signals either form a distance or, more commonly, are fixed directly on a human
subject for data collection.

The key factors driving both research and market of biomedical electronics are
aging populations, rising health care costs, the need for access to medical diagnoses
and treatment in emerging and remote regions and in homes, and the fast development
of biotechnologies [4.131]. The applications of biomedical electronics in research,
design, and development of biomimetic devices/systems, instruments, and appliances
that treat intractable neurological disorders, restore health and extend life, and enable
biotechnology development is an exciting area of future growth for the electronics
industry. It is an area that link engineering, biology, and medicine. A few examples of
biosignal sensing for human body application are shown in Figure 4.23.
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The major future trends in biomedical electronics are portability, miniatur-
ization, connectivity, security, and reliability [4.132, 4.133]. Portability requires
accurate biosignal sensors/actuators, efficient system power management, ultra-low
power electronics, and energy harvesters. Miniaturization requires advanced inte-
gration like CMOS ICs or heterogeneous integration of CMOS, MEMS, and/or
flexible technologies. Connectivity requires low-power RF wireless communica-
tion technologies. Data security requires more hardware and software tools to
support medical data security in RF transmission and storage. Reliability requires
enforcement of regulations and standards.

According to document 10993 of the International Organization of Standardi-
zation (ISO) [4.134], medical devices can be divided in to four categories: non-
contact devices, surface-contacting devices, external communicating devices, and
implant devices.

The advent of portable computing devices and miniature sensing devices
presents new opportunities for personal health care. Formerly, most medical sen-
sing devices were used in a hospital setting under the care of trained medical and
technical personnel. Physiology monitoring is expanding explosively in the per-
sonal health and fitness space, with the rapid advance of innovative personal fit-
ness monitoring technologies [4.135]. These devices collect health data related for
many purposes, by patients with chronic medical conditions (such as blood sugar
sensors for diabetics), people seeking to change behavior (losing weight or quit-
ting smoking), or athletes wishing to monitor their condition and performance.
The resulting data may be used directly by the person, or shared with others:
physician for treatment, insurance company, etc. A key element for this is remote
monitoring. The convergence of pervasive wireless networks, cloud technology,
miniaturization, and noninvasive biosensors is rapidly making the concept of
monitoring patients as they go about their daily lives a reality [4.136, 4.137].
Wearable health-monitoring devices represent an exciting opportunity in health
care. With 1.91 billion smartphones in the world (2015), and an explosion of other
devices getting connected to the web, people are unconsciously generating more
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Figure 4.23 A few examples of sensors for human biosignal monitoring
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data about themselves than ever before. How that data get used is still an open
question. Supplied with tools to track their own conditions, patients could be
empowered to take responsibility for their own health. And rather than getting
small glimpses during infrequent checkups, physicians could be provided with a
steady stream of data about how their patients are doing. Today, just one in 10
American adults own a fitness tracker, but these devices should become more
widespread over the next decade alongside an explosion of sensors that can
monitor everything from steps to breathing to heart rate and apps that can sense
the onset of chronic illnesses or stress [4.138].

Telemedicine and remote care are being practiced in diagnostics. However,
their communication with the biology is mainly in digital, whereas biology is
analog. On the other hand, the potential in semiconductors is much more. With a
bio-inspired vision, it is possible to develop systems on a microchip than can mimic
biological process [4.139, 4.140]. Bio-inspired technology takes advantage of the
semiconductor device’s capabilities more than a switch. It encourages implement-
ing intelligence at a point of measurement. With this approach, only the informa-
tion needed is transmitted. Going one step further, by mimicking the physiology of
biological systems, we may have diagnosis and provide therapy at the same time at
the point of care. Over the past few decades, the semiconductor industry has
enabled significant breakthroughs. From the early massive computers dealing with
a few hundreds of bits, to the miniaturized portable though powerful units dealing
with voluminous data in our hands, we have seen an impressive impact on our lives,
both individually and socially [4.141, 4.142]. Expensive bulky instruments of
yesterday, demanding people to stay at the hospitals for monitoring, are being
replaced by small, friendly wearable devices remotely controlled at the con-
venience of both clinicians and patients [4.111–4.144]. Advances in micro-
fabrication and bio/medical engineering techniques are now enabling a large
variety of miniaturized implantable systems for sensing, health monitoring, and
deficiency treatments. This progress is driving physicians and patients to express an
increasing desire to miniaturized implantable devices as they are offering less
invasive implementation procedures, greater comfort for the patient, improved
performance, and often provide innovative measurements and treatments. Tele-
medicine is not a new term anymore. In the era of Big Data, we see numerous
applications for mobile devices like smartphones, tablets, and smart watches, col-
lecting and transferring huge amount of data from body sensors to digital pro-
cessors and databases. Besides the fact that biology needs its common language
when interfaced with instrumentation, this approach is far from optimum.

The semiconductor industry has perceived that medical monitoring is physio-
logical [4.145]. There is less convincing evidence in metabolic monitoring while
biology is fundamentally chemical. From cells to tissues and organs, biochemistry is
playing a significant role in controlling body functions through changes in con-
centrations of ions, enzymes, and hormones. For example, we may measure the
glucose level and inject the appropriate amount of insulin for a diabetes patient
automatically and continuously, or we may monitor the hormones secretion
accordingly stimulate a nerve to control appetite. An ion-sensitive field-effect
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transistor (ISFET) acting like a chemical sensor allows us to create such a connection
on a semiconductor microchip. An ISFET is basically a MOSFET but controlled by
the ionic concentration of the analyte to which it is exposed [4.146, 4.147]. In a
digital mode, MOSFET acts like a switch controlled by the gate, either ON and
passing current or OFF and blocking it. In an analog fashion, the channel current
varies by the change in the terminal’s voltages. The principle in the flow of electrons
in the transistor channel is similar to the flow of ions in an analyte. In ISFETs, ionic
concentration modulates the channel current. By further modifications of the ISFET
insulating membrane, it may become sensitive to different ions, or by immobilizing
biomarkers, it may help detecting specific biomolecules. Consequently, the circuit
currents and voltages can trace the changes on the top of the chip in the analyte.
Other interesting diagnostic, patient monitoring, and therapy applications come from
Texas InstrumentTM [4.148]. Medical equipment such as digital stethoscopes, patient
monitoring, ECG, EEG, and pulse oximetry have all become more portable through
improvement in battery management technologies, and proliferation of wireless
communications technologies like Bluetooth� and Zigbee�.

4.4.3 Gastric applications
In our body, the pancreas is the organ that regulates the secretion of insulin by its
beta cells. Insulin is a hormone that is in charge of carbohydrate and fat metabo-
lism. The lack of insulin results in high sugar levels in the blood (as in diabetes).
Diabetes causes frequent urination and an increase in thirst and appetite. In the long
term, it impairs heart, kidney, and eye function. The prevalence of diabetes for all
age groups worldwide was estimated to be 2.8 per cent in 2000 and 4.4 per cent in
2030. The total number of people with diabetes is projected to rise from 171 million
in 2000 to 366 million in 2030 [4.149]. The prevalence of diabetes is higher in men
than women, but there are more women with diabetes than men. The urban popu-
lation in developing countries is projected to double between 2000 and 2030. The
most important demographic change to diabetes prevalence across the world
appears to be the increase in the proportion of people >65 years of age. A treatment
for diabetes is the injection of insulin, and it is crucial to take the right amount.
While the deficiency of insulin leads to hyperglycemia (high glucose in the blood),
and an overdose may severely drop the sugar level (hypoglycemia) and create
problems such as seizures, unconsciousness, and even brain damage and death
[4.150]. Thus, it is absolutely vital to keep one’s insulin level in a salutary mid-
range. An alternative might be organ transplant, but it comes with operation com-
plications and risks [4.151]. An artificial pancreas is a bio-inspired closed-loop
system that mimics the actual function of normal pancreas beta cells, and it runs
novel physiological control algorithms on a microchip to keep the insulin level in a
healthy appropriate range [4.152, 4.153].

Along with the microchip, which runs the processing and operation live and
continuous, a glucose sensor and an insulin pump are implanted onto the abdomen.
ISFET also enables measuring the glucose and insulin levels. The system commu-
nicates wirelessly with a wearable monitoring system. Taking into account body

384 Nano-scaled semiconductor devices



activity, as well as vital signs like temperature and heart and respiration rates, the chip
not only monitors the glucose level but also calculates the optimum amount of insulin
required and drives the pump accordingly to dispense the necessary dose. An artificial
pancreas is an example of personalized diagnostics and therapy at the point of care.
The vagus nerve is in charge of transmitting satiety signals to the brain. Controlling its
function can help controlling appetite, which in perspective would help managing
obesity [4.154, 4.155]. Obesity is the result of and imbalance between the food taken in
and the energy consumed, when the remaining unused calories are stored as fat. The
causes of underlying obesity are diverse such as genetic inheritance, sedentary life-
style, unhealthy diet, and medical treatment side effects. Nonetheless, it is a common
vital risk factor as it increases the chance of getting cancer, heart disease, high blood
pressure, diabetes, and musculoskeletal disorders [4.156, 4.157]. Obesity is a growing
problem in both developing and developed countries, particularly Mexico and the
United States. Many dietary regimes have been designed requiring a strong commit-
ment with no guarantee of long-term weight loss. The most effective alternative is
bariatric surgery, which is not recommended for everyone due to its entailing risks. In
the past, physicians observed that people who had undergone vagotomy, a procedure
involving cutting of the vagus nerve, would lose weight. However, vagotomy as a
treatment for obesity has been discarded due to its secondary effects. Neuronal engi-
neering has helped significantly in the development of prosthetics like bio-inspired
cochlear and retina implants that replace the dysfunctional elements. Neuronal signals
are generated by changes in the flow of ions at the membranes of the cells. As a result,
an electric potential called action potential is generated and travels through the nerve.
For recording neuronal activities and stimulation, conventional methods take an
electrical approach using cuff electrode or microelectrode arrays. Then apply a burst of
high-frequency pulses to block the action potentials on a nerve. In the long term, it may
cause pain and peripheral neuropathy. In recording, it causes artifacts-interfering
measurements. As an innovative development, i2move, a project at the Centre of Bio-
inspired Technology at the Imperial College London, is taking an electrochemical
approach using ISFETs along with a combination of cuff electrodes and microelec-
trodes arrays [4.158, 4.159]. Electrochemical recording may help eliminate the arti-
facts by measuring the ionic activities in the generation of action potentials. In
addition, by a modification of ISFET sensing membrane, hormonal secretions can be
monitored for responses to appetite control. On an implemented microchip, all of the
measurements are processed for an algorithm stimulation of the nerve to control
appetite. While all the processing is done locally on the intelligent microchip through
wireless communication, the whole procedure may be monitored by external equip-
ment. Nevertheless, this strategy can be utilized for other applications including in
epileptic studies, drug monitoring, and prosthetics.

4.4.4 DNA applications
Recently, there have been much research interest in developing fully electronic
DNA (deoxyribonucleic acid) microarrays based on postprocessed silicon
semiconductor technologies as a tool in the biological and medical communities
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[4.160–4.162]. DNA is a long molecule, located at the nucleus of every cell in the
body, and contains the genetic code inherited from our parents. Segments of DNA
that code for a particular function or attribute are called genes. A specific variation
at this code may result in a malfunction of an organ or system. Learning the code
and the genes can help evaluate body organs’ strength as well as the chance of
illnesses. DNA is a twisted double-stranded chain of about 3 billion nucleotide
bases long. The genetic information is encrypted in the sequence of these nucleo-
tides on the strands. The genes only occupy a fraction of the DNA. Recently, there
has been much research interest in developing fully electronic DNA microarrays
based on post-processed silicon semiconductor technologies [4.163, 4.164]. This
has the advantage of requiring no fluorescent tags (i.e., label-free) and no optical
methods of detection.

Current research has shown that sensors based on the field-effect can be used
to achieve this purpose quite efficiently [4.165, 4.166]. The term BioFET refers to a
field-effect transistor (FET), the gate material and contact of which have been
replaced by an electrolytic solution and a reference electrode. The surface of the
exposed gate insulator is functionalized, and then probe DNA oligonucleotides are
immobilized on this surface. On successful hybridization, since the DNA carries a
negative charge [4.167], a negative shift in the threshold voltage of the FET is
detected.

Electronic versions of DNA biosensors are very useful in the design of low
power and portable devices. Such devices can be used for early detection of various
bacterial and viral pathogens that can affect food and water supplies [4.168].
Examples of pathogens that can affect water supplies are Escherichia coli and
Campylobacter jejuni. Food-borne pathogens include foot and mouth diseases,
classical swine fever, and salmonella. Using electronic DNA sensors, early detec-
tion of pathogens can be deployed in rural areas where access to sophisticated labs
and expensive optical microarray readers are infeasible due to the high cost of
optical microarray technologies. Experiments have shown that BioFET threshold
shifts in the range of several millivolts are possible for dense enough DNA probe
density [4.165]. However, the amount of threshold shift can depend in a significant
manner on various parameters or experimental conditions other than the DNA
density. Examples include electrolyte concentration, DNA strand length, and pH of
the solution and surface adsorption affinity, which can all lead to different shifts in
the threshold voltage. To predict the amount of voltage shift in response to DNA
hybridization, it is necessary to include all these effects when modeling the Bio-
FET. The integration capabilities of ICs technology may have significant potential
and opportunities in the development of the biosensing and bioimaging systems for
emerging applications in health and environmental sciences.

4.4.5 Smart skin
Today’s industry and personal medical care both strongly demand accurate, reli-
able, robust, low power, and low cost methods to sense changes in the environ-
mental and the condition of the body [4.169]. This is where the concept of smart
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skin comes in. Smart skin can monitor changes in environmental parameters, such
as temperature, strain, and the presence of ambient gas, and communicate these
parameters’ changes wirelessly or wired [4.170]. The smart skin concept can also
be extended to that of wearable electronic devices for continuous monitoring and
reporting of critical biosignals [4.171]. There are a lot of challenges for the state of
the art of smart skin, such as expensive fabrication methods, a lack of flexibility
and mobility, and the large area fabrication method.

The skins scavenge energy using ambient electromagnetic, solar, thermal,
mechanical, or radio frequency identification (RFID)/radar-based interrogation
techniques. In short, these smart skins could prove to be the ultimate sensing tool
that could potentially allow for the mass implementation of a perpetual wireless
network even in extremely rugged environments. Carbon nanomaterials, such as
single-walled carbon nanotubes CNTs, multiwalled CNTs, and graphene, have
been considered and investigated as candidates for the quick and precise detection
of various chemicals [4.172–4.174]. Because of their large surface area, carbon
nanomaterials have the ability to physically and chemically absorb the chemicals
on their surface; these carbon nanomaterials then alter their properties, which is the
foundation for the chemical sensor applications. The absorption of the chemical
compound causes changes in the material and electrical properties such as dc
resistance, real and imaginary parts of the impedance, and an effective dielectric
constant. These electrical changes can determine the presence of various chemicals
by measuring electrical quantities such as changes in the current, resonant fre-
quency, and amplitude of backscattered power. Their lightweight, low cost, out-
standing electrical conductivity and ease of fictionalization targeted for a broad
range of chemicals make these carbon materials ideal candidates for the develop-
ment of a wide spectrum of portable and wearable sensors.

4.4.6 Cardiac and renal applications
Accelerometers have been the first sensor that is an actual component to be inte-
grated in a cardiac implant [4.175–4.178]. Other types of sensors were just features
of the implant electronics that performed electrical measurements such as impe-
dance sensing for respiration rate or muscle spontaneous electrical activity sensing.
After years of development mainly for the automotive industry, MEMS accel-
erometers have achieved a high level of reliability, miniaturization, and reduced
power consumption. Hence, they have been introduced in cardiac systems for
patient’s activity monitoring and can easily detect if a patient is resting on his bed
or climbing the stairs.

This upgrade has been a major improvement for implants as they have been able
to automatically adapt the stimulation pace to the patient’s activity. A new level of
improvement has been reached with the introduction on the market of SonRtipTM

lead [4.179]. The letter device includes an accelerometer at the distal end of the lead
which measures the ‘‘sound’’ of the heart through signals PEA (pulseless electrical
activity) occurring repeatedly during the cardiac cycle. PEA leads to a loss of car-
diac output and the blood supply to the brain is interrupted, as a result a person loses
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consciousness and stops breathing spontaneously. This measurement allows the
implant to optimize the resynchronization therapy in real time, the patient being at
rest or exercising. The localization of this sensor through its miniaturization avoids
repetitive tests at a physician’s office or in a hospital. In the near future, a merged
and upgraded version of this device is expected to be seen through the integration of
new generation MEMS accelerometer, providing enhanced performances, multi-
axial measurements, and further reduced dimensions for minimal invasiveness.
According to the manual data report of 2013USRDS (Unite States Renal Data
System), it indicates that the reported rates of incident end-stage renal disease
(ESRD) across the globe noticed an important trend. In 2011, the top three countries
with the highest rates of reported incident ESRD are Mexico, the United States, and
Taiwan. Hemodialysis therapy continues to be the most common method to treating
ESRD worldwide. Venous needle dislodgement has been reported to be a potentially
serious complication during hemodialysis therapy. A commercial blood leakage
detector, HEMOdialert products, specific for hemodialysis therapy is currently
available which requires less than 1 ml of blood, and the blood leaking condition can
be detected in 1 to 2 seconds. The sensing method is based on the changes of the
voltage signal in the sensor. This device includes a detector having two spaced apart
electrodes; each electrode is connected to a signal generator source via a lead.

The device also includes a signal processing unit that detects a change of state
across the electrodes produced by the introduction of a fluid and an alarm actuated
by the change of state. The electrodes are encased in a flexible nonconductive
material and can be reused after cleaning. The price of such product is not
affordable for general patients, and thus can be popularized. Although these pro-
ducts have an alarm, the loudness of the alert is limited by distance. A recent
innovation, a photo-interrupter, is used as a sensor for detecting the blood leakage,
combined with Bluetooth 4.0 for the function of wireless transmission. Further-
more, the blood leakage detector can be integrated on a bracelet, which is a simple
and inexpensive way to monitor the leakage of blood during hemodialysis treat-
ment [4.180]. If the detector senses a leakage of blood, an alert signal will be
transmitted to the health care station via the wireless transmission.

4.4.7 Neuronal applications
Deep brain stimulation (DBS) has demonstrated significant therapeutic benefits in
(1) treating symptoms relating to neurological motor disorders including Parkinson’s
disease, essential tremor, and dystonia, and (2) providing relief from chronic pain
[4.181–4.183]. DBS has been also used for treatment-refractory neuropsychiatric
indications including Tourette’s syndrome, obsessive-compulsive disorder, and for
treatment-resistant depression. More recently, DBS has been proposed as a potential
treatment of severe drug and alcohol addiction. Considerable research involving
laboratory animals has been conducted in recent years to study the underlying
principles of DBS and the mechanisms through which its therapeutic effects are
mediated. These are not yet fully understood but research suggests that DBS directly
changes brain activity in a controlled manner. DBS is an invasive neuronal circuitry-
based neurosurgical intervention [4.184]. Understanding of brain circuity in terms of
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neural networks for various neurophysiological interactions and neurologic dis-
orders is essential to define specific relay nodes which may be targeted within this
neural network for electrical perturbation by DBS. The current common targets or
nodes for DBS are the subthalamic nucleus for Parkinson’s disease, the globus
pallidus pars internus for dystonia and Parkinson’s disease, and the ventralis inter-
medius nucleus of the thalamus for essential tremor. However, a bottleneck in
establishing the therapeutic mechanisms and benefits of DBS has been the lack of
portable DBS system that enable long-term brain stimulation in freely moving
laboratory animals. A typical DBS system consists of three major components
including an implantable pulse generator (IPG), electrodes, and a programmer.

The IPG is the main part of a DBS system. It is a signal generator, which is
implanted in the subclavicular or chest region of patients. It delivers electrical
pulses to the electrode through and extension lead. The extension lead is an insu-
lated wire that connects the IPG and the electrodes. The electrodes are inserted in
the targeted region of the brain to deliver balanced biphasic pulse into the brain.
The programmer is used for IPG settings. It communicates with the IPG to set
amplitude, frequency, duration, and polarity of the generated signals. In the existing
DBS practices, complications including migration or misplacement of the leads,
lead fractures, and skin erosion may happen due to the long extensions wires.
Battery malfunction and electrode displacement can also cause complications.
Moreover, the battery needs to be surgically replaced on a regular basis as it has a
limited lifespan. To reduce the difficulties caused by the battery and the long wires,
an antenna can be employed near the electrodes. Wireless transmission and
reception of control and power signals can be accomplished with such an antenna.
Most of the existing DBS devices employ complex circuitry and are, as a con-
sequence, quite bulky. These devices are connected to the implanted electrode
through long insulated wires that run from the device to the animal’s head. The
stimulator often needs to be disconnected from the electrode over the course of
the study. Thus, in order to better reflect the longer duration stimulation applied to
the brain in clinical trials, the laboratory animal would ideally receive this brain
stimulation continuously without interruption for days and even weeks. When
connected to the DBS device through long wires, behavioral tests and normal
behaviors are substantially limited. The frequency of operation for a passive DBS
device is also important. Huang et al. [4.185] reported on a miniaturized
implantable planar PIFA at the medical implant communication service (MICS)
band of 402 MHz, and the industrial, scientific, and medical (ISM) band of
433 MHz and 2.45 GHz for rectenna application. Gosalia et al. [4.186] investigated
a data telemetry link for retinal prosthesis at microwave frequencies of 1.45 and
2.45 GHz. An intracranial pressure monitoring device implantable in the skull and
operating at the 2.4 GHz ISM band was also demonstrated in Reference 4.187. We
have selected the ISM band of 915 MHz for the DBS antenna because the fre-
quency is higher than the MICS band of 402 MHz, thus offering small antenna size
and high data rate. Moreover, the frequency of 915 MHz is lower than the ISM
band of 2.4 GHz, therefore providing less dielectric loss inside biological tissues.
Further progress in DBS depends on the wireless passive device design and high
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performance antenna design. A low power and lightweight portable micro-DBS
device for laboratory animals was developed [4.188]. The animal can easily carry
the device during the course of a clinical trial, and it can produce nonstop stimu-
lation current pulses of desired characteristics for over 12 days on a single battery.
The device consists of the following components: microcontroller, current source,
stimulation electrode, power source, and printed circuit board.

The micro DBS device was tested in vitro at Mayo Clinic. The test was con-
ducted by placing a stainless twisted wire part of the stimulation into a tank of
physiologic saline solution. After the in vitro test, the device was used in a study to
examine the role of DBS in reducing ethanol preference in alcohol preferring rats.
The pair of wires connecting the stimulation board to the stimulating electrode was
tunneled under the skin at the back of the neck and externalized for a short distance
above the stimulating electrodes where it was connected. The microcontroller used
in the device was 10-bit analog-to-digital converter channels. The advantage
offered by this device includes ultra-low cost when mass-produced, ultra-low
maintenance, and ease of use. Advances in biomedical engineering will continue to
drive the development and refinement of implantable DBS devices. Designs of
DBS leads with the capability of directional stimulation or DBS systems with
feedback sensors that can detect changes in the electrical activity of the brain net-
works and concentration of relevant neurotransmitters and adjust the degree of
stimulation as needed are promising future potentials. Compatibility of DBS leads
with MRI (magnetic resonance imaging) is another area of great interest as MRI
scans are often required for the assessments of other neurological conditions in
patients with DBS systems. The development of rechargeable powering mechan-
isms capable of harnessing the body’s mechanical energy is also of immense
interest as current pulse generators (batteries) used for DBS have a limited lifespan.

4.4.8 Biometrology applications
When designing wearable systems to be used for physiological and biomechanical
parameters monitoring, it is important to integrate sensors easy to use, comfortable to
wear, and minimally obtrusive. Wearable systems include sensors for detecting
physiological signs placed on body without discomfort and possibly with capability of
real-time and continuous recording. The system should also be equipped with wire-
less communication to transmit signals, although sometimes it is opportune to extract
locally relevant variables, which are transmitted with needed [4.189, 4.190]. Most
sensors embedded into wearable systems need to be placed at specific body locations,
e.g., motion sensors used to track the movements of body segments, often in direct
contact with the skin, and physiological sensors such as pulse meters or oximeters.
However, it is reasonable to embed sensors within pieces of clothing to make the
wearable system as less obtrusive as possible. In general, such systems should also
contain some elementary processing capabilities to perform signal preprocessing and
reduce the amount of data to be transmitted. Mobile wearable device communications
create new challenges compared to ordinary sensor networks and short-range com-
munications. In mobile wearable communications, devices communicate with each
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other in a peer-to-peer fashion or client–server fashion and also communicate with
aggregation points (e.g., smartphones, tablets, and gateway nodes).

Wearable devices are expected to integrate multiple radio technologies for
various applications’ needs with small power consumption and low transmission
delays. These devices can hence collect, interpret, transmit, and exchange data
among supporting components, other wearable devices, and the Internet. Such data
are not limited to people’s personal biomedical information but also to include
human-centric social and contextual data. A key design consideration of future
wearable devices is the ability to ubiquitously connect to smartphones or the
Internet with very low energy consumption. Radio propagation and, accordingly,
channel models are also different from those in other wireless technologies. A huge
number of connected wearable devices require novel big data processing algo-
rithms, efficient storage solutions, cloud-assisted infrastructures, and spectrum-
efficient communications technologies. Since the 21st century, aging population is
emerged as a preeminent worldwide phenomenon. The large proportion of elderly
population leads to a series of medical problems, such as inadequate medical care
resource and low quality of medical service. These incoming problems have strong
impact on hospitals and nursing homes. It is getting more difficult to provide good
health care programs for those patients. Moreover, insufficient amounts of doctors
and nurses cannot monitor these large numbers of elderly people who have
unstable health conditions. In order to solve these medical problems, a series of
innovations in this field have been developed, i.e., wearable biomedical health care
systems, which integrate the wearable computing technology and multiagent soft-
ware architecture. These systems improve the traditional bedside patient monitor-
ing system that is only used in the intensive care unit. In the past, many researchers
were focused on the development of home automation and wearable computing
fields, but few of them tried to integrate these two fields. The field of medicine is
on the verge of transformation, where health care will be provided on a personal
basis to prevent an illness rather than treat it post-trauma. The wearable wireless
multisensory system can serve as a viable platform to continuously and non-
invasively acquire physiological signals to track cardiorespiratory dynamics, and
quantitatively assess apneic conditions for prediction of obstructive sleep apnea
(OSA) episodes, which is a common sleep disorder that affects 24 per cent of adult
men and 9 per cent of adult women and is symptomatic in a third of that population
[4.191]. An OSA episode is marked by the obstruction of pharyngeal airways
resulting in interruption of the airflow during sleep. A novel aspect of this devel-
opment is due to the use of MEMS technology; the total footprint of the wireless
unit is highly adjustable and remains lightweight, and hence highly wearable. The
hardware platform contributes toward affordable, yet powerful, and early warning
systems for sleep apnea treatment. The wireless (Bluetooth) platform along with
sensors and microprocessor components are integrated into a customized garment
to continuously monitor sleep apnea episodes.

It was embedded the multisensory platform as part of a sleepwear shirt to
enhance wearability of the sensor suite. The fusion of information from VCG (Frank
vectorcardiogram), heart sound, and respiration provide adequate information to
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track variations and detect transitions in cardiorespiratory dynamics during sleep.
Similarly, Chen et al. [4.192] developed a system that adaptively tracks energy
expenditure (EE), based on user’s characteristics in order to assist them to manage
their daily exercise. People are doing exercise to control their weight and keep their
cardiovascular system healthy. Heart disease has been top ranking cause of death in
the United States for several years []. The goal is to have balanced EE. Knowing how
much EE of one’s body make it easier to achieve a good body mass index (BMI)
requirement. Previous researches point out that the heart rate is easily affected by the
human emotion or is raised in emergency situation. There are still problems
unsolved. First, some previous prototypes require multiple electrodes contacting with
the skin when doing heart rate measurement. Second, the heart rate is measured
based on electrocardiograph (ECG)-based technology. There is no ready to use ECG
interface circuit in most of the available devices in the market. In this application,
authors used the microphone (MEMS device) of the mobile device to get heart sound
signal as well as a three-axis accelerometer to collect the motion status from user.
A vest with a pocket in front of the chest was designed. It enables the users to place a
mobile device. The heart rate is extracted from the recording heart sound using an
algorithm extended to calculate the hearth rate while the user is doing moderate to
intense exercise. Once abnormalities during exercise are detected, multiple auto-
matic notification mechanisms are invoked to inform about it. Textiles, being a
pervasive and comfortable interface, are an ideal substrate for integrating miniatur-
ized electronics components, or, through seamless integration of electroactive fibers
and yarns, they have the potentiality to become fully functional electronic systems.
The idea of e-textile being a viable solution to implement truly wearable, smart
platforms adds bidirectional interfaces with the human body. Nowadays, several
research projects are under way to examine the appropriateness of e-textile solutions
in different areas, such as neuro- and cerebrovascular rehabilitation, safety, and
security. Intelligent biomedical clothes are based on conductive and piezoresistive
fabric developed to work as textile sensors, i.e., working as transducer of vital signs
to electrical signals to be sent to a unit of microprocessors. First, commercial pro-
ducts are now offered in the market. Most of them are direct replacement of the chest
strap by a sensitized garment, such as the POLOTECHTM SHIRT from Ralph Lauren
that uses silver fibers woven directly into the fabric read heart rate and breathing
depth and balance, as well as other key metrics, which are streamed to a mobile
device via a detachable, Bluetooth-enabled black box. Runners, cyclists, skaters, and
athletes can be interested in testing cardiopulmonary response.

The ergospirometry systems allow the determination of a subject’s metabolic
response while exercising or working. One example of such a system is a wireless
portable ergospirometry system XyconTM mobile device by CareFUsio.

The system has a light battery operated portable ergospirometry that is
mounted onto the subject’s body via a comfortable vest. The breath-by-breath data
are collected through a facemask or mouthpiece and is sent to a host computer
wirelessly. Specific software allows online and postprocessing of data. In addition
to vital signals measured from the athlete’s body, there are plenty of devices in the
market that help the user to control other different useful parameters during the
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sport practice, such as time, altitude, speed, distance, cadence, stride, etc. Different
devices are used to asses and improve the running techniques and analyze indivi-
dual performance. Recently, a wearable sensor that tracks strain on a pitcher’s
elbow is capturing attention. This season, 27 MLB teams and their minor league
affiliates are trying out the device, called the mThrow, in a hope that it will help
monitor pitchers’ workloads, improve pitching mechanics, and prevent injuries
[4.193]. Injuries to professional pitchers in the United States have become epi-
demic. The reconstructive procedures known as Tommy John surgeries, which
repair the elbow’s ulnar collateral ligament (UCL), have increased among major
league players from 14 performed in 2002 to 31 in 2014, according to the blog
Baseball Heat Maps. The mThrow consists of a compression sleeve with a small
removable sensor worn in a pocket over the elbow [4.194].

The sensor’s accelerometers and gyroscopes track arm movements, and the
device wirelessly transmits the data to an app that calculates the stress caused by
torque on the UCL. The app also tracks a number of other metrics, such as pitch
count, arm speed, release point, elbow height at release, maximum shoulder rotation,
and ‘‘arm slot’’—an indication of whether the throw was a side-arm pitch or over the
top. The app can gauge the amount of stress on a player’s elbow joint by comparing
the condition to similar cases in the company’s database of pitcher workloads. The
app can also compare stress levels created by, say, a fastball versus a curveball, and it
can indicate when a pitcher’s arm slot might be changing due to fatigue.

4.4.9 Ingestible sensors
The future of medicine is in devices you swallow, doctors prescribe pills for their
patients that double as ingestible sensors, wirelessly reporting back on the body’s
vital signs [4.195, 4.196]. A simple version of this already exists: a biotech com-
pany called Proteus Digital Health has actually created a primitive version of just
such a sensor to track what drugs patients have taken; it was approved by the US
Food and Drug Administration (FDA) in 2012 [4.197]. This smart pill system
consists of a pinhead-sized sensor embedded in a pill, and a battery-powered patch
that monitors various health indicators, such as sleep, respiration, and heart rate. As
the human body powers the sensor, no batteries are required.

Once it has been swallowed, the device transmits a signal to the patch, indi-
cating the time of ingestion and type of pill swallowed. The patch periodically
sends all of its data to a designed smartphone. Digital medicine, the use of wearable
and implantable physiological sensors, mobile communications technology, and
web-based patient communities in managing patient health represents a new and
rapidly evolving paradigm in health care. Continuous measurements of physiolo-
gical metrics and rapid sharing of data between patients and caregivers offers
unprecedented opportunities for diagnosing disease, tailoring treatment to indivi-
dual patient physiology and behavior, and responding to new information with little
or no delay. Medication without adherence is one such problem. Recent studies
have estimated that 30 to 50 per cent of drug prescription are never taken [4.198,
4.199], resulting in significant complications and deterioration of patient health.
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The extent and impact of the problem are expected to grow as patients live longer
lives, often requiring management of one or more chronic conditions with multiple
medications. In Reference 4.200, a sensor is presented for detecting the ingestion of
a pharmaceutical tablet or capsule. The microfabricated sensor is designed to be
incorporated into every digital capsule during pharmaceutical manufacturing. Upon
ingestion and contact with the fluid in the stomach, each sensor communicates a
unique and private digital coder to identify the medication and dose. In combina-
tion with a wearable sensor patch and a mobile phone user interface, the sensor
provides a system for real-time, continuous measurement of medication adherence.
The system further allows direct correlation between drug ingestion, health-related
behavior such as physical activity, and critical metrics of physiological response,
such as heart rate, sleep quality, and blood pressure. The sensor consists of three
functional components: (1) the active layer, (2) the IC, and (3) the insulating skirt
disk. The IC is a 1 mm � 1 mm � 0.3 mm complementary metal-oxide-semi-
conductor (CMOS) chip. After production of the IC, the active layers are deposited
directly on the silicon wafers using a sequence of microfabrication steps. The active
layers are thin films of magnesium and cuprous chloride. The gold underlayer acts
as current collector underneath the cuprous chloride. Upon contact with gastric
fluid, these layers create a battery that activates and powers the device. The func-
tion of the skirt is to shape and amplify the electric field generated by the sensor.
The skirt is made of standard pharmaceutical excipients (ethyl cellulose, hydro-
xypropyl cellulose, and triethyl citrate) and is a critical part of the sensor design. By
enhancing the signal amplitude, the skirt allows the sensor to be only 300 mm thick.
This makes it feasible to manufacture the device almost entirely on a silicon wafer
without the need for extended electrical antennas and connections. Another
important application is related to the obesity problem, which is a major contributor
to several life-threatening chronic diseases such as hypertension, high cholesterol
level, stroke, coronary heart disease, and diabetes. A variety of methods have been
applied for treatment of obesity. Intragastric balloon (IGB), introduced in 1982
[4.201], is a less-invasive method that has been successfully applied for short-term
treatment of obesity [4.202], [4.203]. In this method, a gas (or liquid)-filled balloon
is inserted into patient’s stomach to occupy the space and induce the sense of satiety
and loss of appetite. Thus, by reducing the food intake, in combination with specific
exercise programs, the patient can lose weight more effectively and naturally. After
the balloon reaches the stomach, it will be filled with liquid or gas through the tube.
Saline solution, air, and carbon dioxide are the most common materials for this
application. Once the balloon is inflated to a desired volume, the tube is detached
from the self-sealing valve on the balloon surface and removed through the patient’s
upper gastrointestinal tract. The volume of the balloon is determined by the amount
of injected liquid or gas. The inflated balloon stays in the stomach for 1 to 6 months
according to physician’s prescription. Current IGB systems suffer from several
major drawbacks. Requiring an endoscopic procedure or surgery to insert and exert
the balloon from the stomach is the most important disadvantage of this method.
These procedures are usually costly and are associated with undesired side effects
and feeling of discomfort. Giddiness and nausea are among the most common side
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effects of these procedures. A less-invasive method for insertion, removal, and
adjusting the volume of the balloon is highly desired. In Reference 4.204, a volume-
adjustable pill for treatment of obesity is proposed. The control unit is in charge of
interpreting received commands, adjusting operation of various capsule modules,
and performing desired tasks through proper activation of actuation mechanisms.
The wireless communication unit makes it possible for the in-body capsule and the
external controller to communicate. It could be used to send the operational com-
mands to the capsule and/or extract the data and status of the capsule. The actuation
mechanism, acting as an interface between the electronic modules and mechanical
sub-modules, is in charge of adjusting the capsule volume to a desired level based on
received commands. In the developed prototype, a Zarlink ZL70101 transceiver in
conjugation with a fabricated antenna was utilized as the wireless communication
unit. Using this transceiver, a bidirectional communication between the capsule and
the external communication unit at 433 MHz ISM band was established. MSP430
ultra-low power microcontroller from Texas instruments was used to implement the
control unit of the system and control the operation of the capsule. The system was
powered using Lithium Ion electrochemical batteries.

4.4.10 Health care platforms
Emergency medical services response time is an important aspect within the health
care services. Authorities around the world are making tremendous efforts to
reduce it to the minimum concerning both urban and rural environments. No matter
how easy or complicated a situation can be, if the medical staff does not react on
time, everything becomes doubtful and unsafe. When it comes to outdoor invest-
ments, medical services use helicopters, emergency cars, and other transportation
machines that can help save time. In terms of indoor investments, in addition to
modern infrastructure and a high degree of security, modern medical equipment
represents a leading priority. Blessed with the huge technological boom from the
last decade, the health care system from developed nations started to use innovative
devices and wireless body sensors for surveillance, diagnosis, and treatment.

The health care systems such as in-home assistance, smart home care, and
remote patient monitoring area greatly enriched by the adoption of the wireless
sensor network technologies [4.205]. Two-thirds of consumers are expected to
purchase a connected home device within the next 5 years, and the ownership of
consumer wearable is expected to double year over year by 2016. However, there
are also common diseases around the world, which can be prevented or better
treated through continuous and ubiquitous health monitoring by the smartphone.
Biomedical wireless technology, networks and sensing systems (BiowireleSS) are
rapidly becoming an integral component of healthcare delivery.

A wide range of wireless technologies is being brought to bear on a long list of
healthcare and pharmaceutical applications with the promise of utterly transform-
ing healthcare, as we know it today. Where once a patient would have been con-
fined to a hospital bed for extensive tests, to be monitored postsurgery, or for
chronic conditions, in many cases, patients will soon be monitored at home, free to
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go about their normal activities, while a wireless device will transmit data to
healthcare providers, who will be alerted if vital signs vary from normal ranges.
Wireless medical applications include chronic disease management, post-surgical
recovery, vital sign monitoring, proactive monitoring, eldercare, remote diagnosis,
emergency communications, wellness and fitness, telemedicine, facilities mon-
itoring, asset and staff locating, positioning, asset management, tracking pharma-
ceuticals, imaging, and video. Wireless technology for biomedical sensing systems
potentially include wireless personal area network (WPAN)/WBAN/medical body
area network (MBAN), wireless local area network (WLAN), Wi-Fi, WiMAX,
ZigBee, Bluetooth, ANT, ultrawideband, e-textiles, radar, web conferencing, cap-
sule endoscopy, implantable and ingestible sensors, and epidermal electronics,
smart bandages, smartphone apps, RFID, real-time location system, indoor posi-
tioning systems, etc. [4.128]. WBAN integrates low-power sensor platforms
incorporating micro- and nanosensors and CMOS ICs with body area network
[4.206]. Due to the inherent low-power requirements, these networks are best suited
for integration into wearable health monitoring units [4.207], which are usually
incorporated with various types of implantable and transdermal sensors to measure
various physiological parameters such as ECG, blood pressure, glucose, lactate,
oxygen, pH, etc. WBANs are also employed in a hospital environmental for
monitoring of critical care patients as well as in smart home care for real-time data
acquisition and transmission over the secure internet to healthcare providers. RFID
technology has become a very popular technology choice for a number of com-
mercial, residential, and industrial as well as healthcare applications [4.208]. RFID
tags are used in hospitals for inventory monitoring to provide a real-state status
report to the staffs and the suppliers as well as for easy tracking of the positions of
the patients and doctors within the hospital premises. WPANs using IEEE
802.15.4, which is the basis for Zigbee, ISA100.11a, WirelessHART, and MiWi
specifications, have potential uses in healthcare [4.209–4.211]. These short-
distance communication networks can be deployed inside a hospital room so that
caregivers can monitor a patient remotely in real time from a nearby workstation.
WPAN can also be used for interfacing multiple smart medical devices within the
hospital premises and the data between the devices can be accomplished with
minimum time overhead. Zigbee technology can be also combined with WBANs to
constitute smaller networks for real-time monitoring of the physiological activities
of the patients. The WLAN channels are also utilized to transfer patient data around
the hospital and to provide communication between various smart medical devices.

4.4.11 Health care IoT applications
Intelligence hardware is bridging the last mile between the digital enterprise and the
physical world. The IoT is a concept reflecting a connected set of anyone, anything,
anytime, anyplace, any service, and any network. The IoT is a megatrend in next-
generation technologies that can impact the whole business spectrum and can be
thought of as the interconnection of uniquely identifiable smart objects and devices
within today’s Internet infrastructure with extended benefits [4.143]. Benefits
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typically include the advanced connectivity of devices, systems, and services that go
beyond machine-to-machine scenarios. Therefore, introducing automation is con-
ceivable in nearly every field. The IoT provides appropriate solutions for a wide
range of applications such as smart cities, traffic congestion, waste management,
structural health, security, emergency services, logistics, retails, industrial control,
and healthcare. Medical care and healthcare represent the most attractive areas for
the IoT. The IoT has the potential to give rise to many applications such as remote
health monitoring, fitness program, chronic diseases, and elderly care. Compliance
with treatment and medication at home and by health care providers is another
important potential area. Therefore, various medical devices, sensors, and diagnostic
and imaging devices can be viewed as smart devices or objects constituting a core
part of the IoT. IoT-based health care services are expected to reduce costs, increase
the quality of life, and enrich the user’s experience. Ease of cost-effective interac-
tions through seamless and secure connectivity across individual patients, clinics,
and health care organizations is an important trend.

4.5 Conclusions

As has been shown with different examples through this chapter, the efficient use of
energy is intimately linked to a sustainable and green environment, where the
ubiquitous and continuous pervasiveness of semiconductor-based electronics, in the
human environment, is a key piece in the energy efficiency and sustainable green
environment equation.

Besides, electronics, in conjunction with sensors/actuators, computing, and
communications, has pervaded our daily lives at any time anywhere: smart phone
being one of the most and widespread examples seen today. In that sense, elec-
tronics can be compared to the pervasiveness of oil industry and its derivative
products, such as combustibles, plastics, fertilizers, textile fibers, detergents, beauty
products, and many other oil-based products that are also around us anywhere.

Energy or power management is behind every aspect of our lives, in the
industry sector that produces cars, processed food, medicines, electronics, etc., in
our homes, in the streets where car traffic is controlled, in our work office, and even
for the energy production itself. Then I would like to quote Prof. Baliga’s words
from his book ‘‘The IGBT Devices Physics, Design and Applications of the Insu-
lated Gate Bipolar Transistor’’ [4.2], where he talks about power management and
delivery for motors, which accounts for two thirds of the world electricity con-
sumption, lighting, which consumes one fifth of the world electricity, and trans-
portation sector:

I determined that society had derived a savings of over 50,000 terawatt
hours in electricity consumption (equivalent to not building 600 coal-fired
power plants) and over 1 trillion gallons of gasoline consumption. This
had not only saved worldwide consumers more than $15 trillion but
reduced carbon dioxide emissions by more than 75 trillion pounds over the
period from 1990 to 2010.
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The insulated-gate-bipolar-transistor (IGBT) is a key semiconductor device
player for energy and delivery management for power electronics. The IGBT is an
electronic switch that has replaced the traditional mechanical switches, and it can
be found in cars, airplanes, motors, printers, home appliances, and much other
electronic instrumentation.

The microprocessor technology has pushed the device miniaturization to the
scale where about an average 10,000 times of a MOSFET channel length can be
accommodated in the diameter of a human hair. In a time scale, for instance, the Intel
Core i7 5960X microprocessor is capable of processing 283,310 millions of instruc-
tions per second at a clock frequency of 3.0 GHz. Within a second of time, a light–gas
gun-launched projectile, like those used by the NASA [4.212], travels a distance of
8.5 kilometers. This amazing signal processing velocities requires the incorporation
of tens of different materials, such as semiconductors, dielectrics, and metals into a
manufacturing process. The incorporation of that vast variety of materials has pro-
pelled the development of other than microprocessor devices, such as MEMs with
multiple applications to different sectors (automotive, biomedicine, aeronautics, oil
industry, etc.), implantable biosensors, water decontaminants, nanomembrane filters,
and a plethora of different kind of sensors, just to mention a few examples.

At a global level, the expansion of urbanization is posing a challenge in terms of
energy efficiency and pollution as well. The rural population is declining, while the
urban population is expected to be in the order of 66 per cent of the world’s popu-
lation by 2050. These large concentrations of population requires services of multi-
ple nature, such as vehicle traffic management, water, food and energy supply, and
many other such as schools, hospitals, and communication services. The industry
nearby the urban centers consumes most of the energy, followed by transportation,
residential, and commercial and services. The combined use of electronics, com-
puting, communications, and sensors and actuators, in all these sectors, is a common
factor. Therefore, the energy efficiency of electronic components, instruments and
systems, is a key factor for green urban environments. The smart city is an initiative
with the quest to find optimal solutions for the urban zones. It is based on the use of
interconnected networks that share information of different nature, such as vehicle
traffic, drinking water distribution, temperature, humidity, energy distribution and
consumption, etc. It makes use of wireless interconnected sensors that sense vari-
ables, such as vehicle traffic, temperature, humidity, solar radiation, air pollution
level, electricity distribution, drinking water inflow, and consumption/waste. These
variables interplay in a complex way, which require the use graph theory for instance
as a way to find the optimal solution for a multivalued problem. Signal processing
and wireless communications are two key additional factors for this approach, which
linked to devices, such as smart phones, sensors/actuators, for instance, form the IoT.
If energy-efficient electronics and smart-city concepts are put in place, a consider-
able amount of energy in the urban zones can be saved, as has already happened in
other sectors. For instance, the efficiency of cars has improved by 40 per cent since
the inception of electronics, and the lighting efficiency increased by 339 per cent.

The graph theory is a valuable tool as has already been demonstrated in the
administration of WSNs. The innovative and efficient design of power
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management and power failure diagnosis has been successfully applied in agri-
culture. In Mexico, for instance, the irrigation water has been reduced up to 90 per
cent in a crop field when compared with traditional irrigation practices. The smart
irrigation system has a temperature and humidity WSN, supplied with solar cells
that continuously feed information to a signal processing unit, which based on a
model sends back a signal to a water irrigation actuator. In this way, the system is
almost fully energy autonomous as well.

Meat and milk production is another sector that can benefit of smart electro-
nics. Livestock in particular ruminants, like cows, account for up to one third of
methane emission worldwide. Methane is a greenhouse gas that has pollution
potential 25 times that of CO2. Ruminants emit methane, which is a function of
feed intake, type of diet, feed processing, and alterations in the ruminal microflora.
Both rumen temperature and pH are also key factors for the methane emission. If
these two variables are kept into a safe window, then the quality and quantity of
milk can be increased at the same time methane emission is reduced. Placing a
temperature and pH WSN in the rumen of the cow allows the continuous mon-
itoring of these variables. Then by correlating the feed intake and type of diet to
these two variables, the cow feed process is adjusted to the point where methane
emission is reduced. This way, WSNs and smart electronics contribute to food
production and reduction of greenhouse gas pollutants.

The smart electronics in its form of portable and miniature wireless-connected
sensing devices has opened new opportunities for medicine and healthcare. These
devices collect health data related to many purposes, by patients with chronic
medical conditions (such as blood sugar sensors for diabetics), people seeking to
change behavior (losing weight or quitting smoking), or athletes wishing to monitor
their condition and performance. The resulting data may be used directly by the
person, or shared with others: physician for treatment, insurance company, etc. A
key element for this is remote monitoring. A few examples of these applications are
invasive and noninvasive biosensors, gastric monitoring, DNA measurement, smart
skin applications, cardiac sensors, renal monitoring, neuronal systems, ingestible
sensors, and healthcare platforms.
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Chapter 5

The silicon era and beyond

Edmundo A. Gutiérrez-D.1 and Fernando Guarı́n2

5.1 Comments

Since silicon started to be widely used as the key element for semiconductor
electron devices, the pervasive influence of electronic devices and circuits com-
bined with computing and communications, and the ability to sense and actuate on
the variables that define the human environment, has played a key role for societal
development. From the very beginning of silicon when it was employed as the
guidance computer system of the Apollo 11 mission in 1969, until the observance
of the Higgs boson in 2012, which was awarded the 2013 Nobel Prize in physics for
Francois Englert and Peter Higgs, for an amazing mechanism that contributes to the
understanding of mass subatomic particles [5.1]. The use of electronics has influ-
enced just about every aspect of the human environment (Figure 5.1).

The Large Hadron Collider at CERN [5.2, 5.3] (shown in Figure 5.1) with the
ATLAS and CMS experiments contains tens of thousands of integrated circuits [5.6].
In that sense, electronics, through the use of integrated circuits and sensors of dif-
ferent nature and function, have revolutionized particle physics experiments. Elec-
tronics has been a cornerstone in the discovery of the Higgs boson. The detectors that
sense the particles are giant cameras, about 40 m long by 20 m in diameter that take
pictures of the collision mechanisms. These cameras contain millions of channels,
often implemented as reverse-biased silicon pin diode arrays. The readout circuitry is
also implemented by using integrated circuits. The power consumption management
is key for the measurement quality, and radiation tolerance of the electronics, having
to exceed space application requirements (limited to a few 100 krads or a few kilo-
grays) by orders of magnitude. The electronics need to tolerate radiation levels well
beyond 10 Mrad and still be operational. Silicon-integrated circuits and particle
sensors have enabled the discovery of the Higgs boson.

The exploration of Mars was also heavily supported by electronics. For
instance, the rover’s science instruments rely on a powerful computing system
[5.4, 5.7], which is a radiation-hardened version of the PowerPC microprocessor
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used in some models of Macintosh computers. All the electronics that control rover
movement and instrument deployment is housed in the Warm Electronics Box,
which protects and keep a ‘‘warm’’ temperature appropriate for the electronics to
operate correctly [5.8]. The rover is an engineering marvel that keeps itself alive by
self-monitoring its own ‘‘vital signs,’’ such as temperature, energy consumption,
mechanical balance, and other variables. The rover communicates with earth using
X-band radio waves in both directions. The electronics, the computing, the com-
munications, and the sensors and actuators are present in this marvel of science and
engineering. The combination of all of these elements forms what is now known as
mechatronics.

The drone technology [5.5] is entering our lives much in the same manner as
the smart phones have done a few years ago. Nowadays we see different types of
drones everywhere. From the military unmanned aerial vehicles to the miniature
hummingbird-size flying object. The nano hummingbird [5.9] is a project
sponsored by DARPA under the name of Nano Air Vehicle. This device mimics the
flight of a hummingbird with a continuous hover endurance of 8 minutes without
external power source. Drones are being used for city security surveillance as well
in many cities around the world [5.10]. In Mexico City the Tlaloc II drone [5.12]
has been used to explore a 2000-year-old tunnel under the Pyramid of the Sun
[5.11]. This tiny drone, or robot, has moved through very narrow tunnels, under the
pyramid, that are too small for a person to fit in. Tlaloc II is equipped with video
cameras, scanner, and a mechanical arm to clear obstacles out of its way through
the tunnels.

The drones are also an example of the mechatronics field, as well as the most
recent development of commercial 3D printing machines [5.13]. The 3D printing
machines will enable several industry sectors to become more competitive and

Figure 5.1 Electronics has been a key element in several different scientific
discoveries or applications, such as the Large Hadron Collider
2014 Image courtesy of CERN [5.2]
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efficient, as is the case of automotive where many components may consolidate
into a single part with a faster product development cycle. In the health sector,
prosthetic components for human beings are already being printed using 3D
printers. Such is the case of a powered prosthetic leg [5.14], which is guided by
electromyographic data. Thirteen mechanical sensors that measure inertia, load,
position, angle, acceleration, velocity, and torque of the knee power these
prosthetic devices and ankle joins. These devices are very effective for the reha-
bilitation process of above-knee amputated people.

The certification, required for an end-user product, of all these electronics-
based applications constitute a process that begins with the semiconductor
technology itself. Silicon technology is the core behind the integrated circuits,
sensors, and actuators that together with computing and communications become
essential pieces for the final assembly of a successful product. Therefore, Chapter 2
reviews device physics and modeling, while Chapter 3 introduces several different
characterization techniques, reliability, degradation, and lifetime, which together
with modeling, enables engineers the design and fabrication of integrated circuits
from the transistor to the system level. The transistor model must reproduce the
electrical characteristics and comply with several other features, such as reliability,
degradation, lifetime, and failure prediction. The miniaturization of semiconductor
devices, in particular FET devices, has brought complex nonlinear solid-state
transport mechanisms that require a fundamental understanding and modeling,
which in turns needs to be included in predictive simulation tools. A prediction of
the electrical behavior is required for estimating reliability, lifetime, and a potential
failure. The ultimate goal of reliability is to make sure that the life of a system, built
with a semiconductor technology, will last beyond the target life. The failure rate
should be also below a target failure rate during the operating lifetime of the system.
The lifetime of a system, a personal computer or a laptop for instance, must be
larger than the target failure rate. It is more frequent to find failures such as display
malfunctioning, keyboard, power source, or computer port intermittent operation
than a catastrophic failure of the processor. From the end-user perspective the
target life of a computer is defined by other conditions, such as obsolescence due to
software incompatibility or by the availability of upgraded, faster, and more
energy-efficient computers, which is a result of Moore’s law which projects the
computing industry doubling the amount of transistors on a computer chip every
2 years. From a market or end-user’s perspective the lifetime of a computer might
be 2 years following the Moore’s law trend. In general there are two different
computer lifespans, the operational lifetime and the useful lifespan. The second one
is defined by the obsolescence of hardware and software compatibility, and the first
one can exceed the average 5 years. In any case, the semiconductor technology
needs to be characterized and modeled in terms of reliability. However, during the
development of a product, we cannot afford to spend years to study reliability.
Therefore, the concept of aging test or accelerated life is used at the characteriza-
tion laboratories to characterize and model device reliability and lifetime in a short
timeframe without the need of waiting for years.
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Let us examine, as an example, the reliability characterization of hot carriers
(HCs). When a semiconductor device, an FET in this case, is operated under a bias
condition determined by the source, gate, drain, and bulk voltages, as expected, a
source current (Is) injects carriers at the source electrode and a drain (Id) current is
collected at the drain side. However, depending on the bias condition, a gate (Ig)
and a bulk (Ib) current appears as a result of electron–hole pairs generated by hot
carriers, and tunneling through the gate oxide and the drain-bulk reversed junction
(Figure 5.2).

The absolute value of the gate oxide current Ig and bulk current Ib is shown in
Figure 5.3b, while the Id-Vg characteristics with the stress time as a parameter are
shown in Figure 5.3a. A voltage stress is applied during a period of time. The
applied stress voltage exceeds that of the maximum supply voltage allowed by
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Figure 5.2 An FET device with the two major parasitic charge flows through the
gate oxide (Ig) and the bulk (Ib)
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the device, which accelerates the aging process in a time period in the order of 1000
seconds, which is much shorter than that of the lifetime of a product. The process is
repeated several times enabling characterization engineers to study the degradation
mechanism that contributes to device reliability and lifetime prediction. The shift
of the threshold voltage and the reduction of the current drive capability are one
of the typical consequences of device aging. A typical rule of thumb allows a
maximum 10% reduction in transistor current drive capability over a timeframe of
10 years. As described in Chapter 3 the degradation of the electrical performance of
an FET device is intimately linked to physical mechanisms, such as hot electrons
and gate oxide and band-to-band drain-bulk tunneling leakage currents, just to
mention a few. With the voltage and time stress, not only the current-voltage
characteristics degrade but also the parasitic current components become worse as
shown in the inset of Figure 5.3b. The increase of Ig and Ib with time contributes to
the parasitic energy consumption, which then impact in a negative way the device
energy efficiency and ultimately the performance of the end-user products. An
excellent analysis of the different aging or accelerating test conditions is given in
[5.15], where degradation can happen at the device or interconnects level as shown
in Table 5.1.

Under normal operation an integrated circuit is exposed to DC and AC elec-
trical signals as well as temperature stress. Depending on the kind of stress, DC,
AC, or temperature, the degradation occurs at the device or interconnect level or at
both. At the device level, the major degradation mechanisms are those related to
hot carriers, gate oxide dielectric breakdown, and bias temperature instability
(BTI). When the electrical signal goes out of the device, it circulates through the
metal lines that interconnect different devices (Figure 5.4), which then causes open
and shorts in the metal lines, or electromigration. Both degradation mechanisms
may result in a catastrophic failure at the circuit or system level. The interconnect
system is an array of metal lines placed at different layers, which are surrounded by
a rigid insulator material as shown in Figure 5.5.

The interconnect line is composed of metal grains with an average size of
42 nm, but it ranges from 10 to 100 nm as seen from Figure 5.6 [5.15].

Table 5.1 Examples of accelerating conditions for device and interconnect
degradation

Level DC voltage AC voltage Temperature

Device ● Dielectric
breakdown

● Hot carriers
● Temperature bias

instability

● Conducting hot carrier
mechanism

● Dielectric
breakdown

● Hot carriers
● Temperature bias

instability
Interconnect ● Open and shorts ● Electromigration

● Open and shorts
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For copper dual-damascene interconnects, two main electromigration failures
can happen, the late (strong) mode and the early (weak) mode [5.16]. The late mode
is characterized by the growth of a void which spans the line cross section. The
void grows by edge displacement in the direction of the electron flow, so that
the line resistance gradually increases, as the current has to flow through a larger
portion of the line. A typical reliability criterion allows one failure in 109 hours of
device operation [5.17]. This implies that interconnect reliability is determined by
the early failures, and then modeling and understanding of the early failure mode

Silicon bulk
Device level

Insulator

Metal lines

Interconnects level

Figure 5.4 Schematic representation of devices and interconnection levels of an
integrated circuit

Insulator Atom flow Vacancy flow

Metal lineElectron flow

Figure 5.5 Metal interconnect line surrounded by an insulator material. Metal
grains are shown
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becomes crucial for a precise interconnects reliability assessment. As referred in
Reference 5.16 the void nucleation is expected to occur at the higher hydrostatic
stress magnitudes which develop at the copper/capping/barrier intersection adjacent
to the via that interconnects two metal layers. A stress of a magnitude of up to
80 MPa can be built at the copper/capping/barrier layer intersection. In advanced
interconnects systems the number of metal layers is larger than 10, which intro-
duces many vias and layer intersections as shown in Figure 5.7, where a 9-metal
layer interconnects system is shown. The stack of metal layers, in this particular
case, has a height of 10 mm, which is quite large compared to the nano-scaled
transistor and its metal contacts. The thicker top metal layer is regularly used for
power delivery and input/output signal routing. Then the upper metal layer is the
one that carries the higher current density and thus the one with the larger heat
dissipation. A high temperature contributes to metal atom and lattice vacancies
diffusion, which combined with the hydrostatic stress increases the chances for
interconnect failure. A model for prediction of early failures, as the one introduced
in Reference 5.16 should be very beneficial for reliability. The simulation results
of the early cumulative failure percentile as a function of time are shown in
Figure 5.8.

The simulation model accounts for void nucleation and simple slit void growth
under the via. The simulations indicate that the void formation time and the void
growth time are of the same order of magnitude. In addition to potential failures by
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Figure 5.7 Interconnect metal lines compared to transistor size plug vias
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electromigration, also there is the probable failure to occur in the insulator region
between metal layers as shown in Figure 5.9.

As shown in Figure 5.9 the insulator breaks down earlier as the stress voltage
applied between metal layers is larger. On the other hand, experiments of electro-
migration of Cu interconnects under AC and DC test conditions [5.18] reveal that
only net DC time at test has a significant effect on time to fail. AC stressing for
1 week at 2.5 MA/cm2 prior to DC stressing to electromigration failure had no effect
on the electromigration performance. A similar result was obtained with various DC
and thermal cycling conditions. The thermal history of the electromigration test
samples, and in particular cooling to room temperature, has no effect on electro-
migration lifetime. The experiments lead to the conclusion that the standard test
methodologies, using accelerated DC stress conditions at elevated temperatures,
provide a good predictor for lifetime expectations under operating conditions.

At the device level, the potential failure has to do with hot carriers, gate
dielectric breakdown, and BTI. However, the natural granularity inherent to the
high-k/metal gates used in advanced FET devices can also introduce threshold
voltage variability as reported in Reference 5.19. Figure 5.10 shows the simulated
results of the standard deviation of threshold voltage versus the average metal gate
grain size.

As the grain size approaches that of the 32-nm gate n-type metal–oxide–
semiconductor field-effect transistor (nMOSFET), the standard variation of the
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threshold voltages saturates. The distribution of the VT voltage is bounded by the
highest and lowest work function determined by the size of the grains. When
the RDD and LER effects are added to the MGG, the VT variability increases but
keeps the same shape with a trend to saturate at high grain size values.

In regards to the device reliability, this can be classified as a function of the
electric field intensity as shown in Figure 5.11. At low electric fields the BTI is
the first degradation mechanism to show up; then as the electric field increases the
random telegraph noise (RTN) shows up; and then lifetime and failure mechanisms,
HCs, and finally at the largest electric field time-dependent oxide breakdown.
Although there may be some overlap in between the degradation mechanisms, the
progression from low to high electric fields is shown in Figure 5.11.

The degradation mechanisms are a function of the electric field and the energy
gained by the carriers inside the transistor channel. The electric field and energy
distribution in the channel of the transistor are shown in Figure 5.12. As both the
electric field and the energy are a function of the position, the degradations
mechanisms are also position dependent. At low Vd voltages (Vd0 in Figure 5.12(a)),
the electric field strength is small and confined to a narrow portion of the channel
length. At high Vd voltages (Vdf in Figure 5.12(a)), the peak electric field not only
increases in magnitude but also stretches through a longer portion of the channel.
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Figure 5.10 Simulated dependence of threshold voltage (VT) variability versus
average metal gate grain diameter. MGG stands for metal gate
granularity, RDD for random discrete dopants, and LER for
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For short transistors, as shown in Figure 5.12(b), the carrier energy also stretches
out through a longer portion of the transistor channel. This indicates that the
channel of a short transistor is more energized than its longer counterpart. There-
fore a nano-scaled transistor should be more prone to degradation mechanisms that
a longer transistor. The inset of Figure 5.12b shows how the carrier energy increases
with the Vd voltage. There is a Vd critical value from which the carrier energy
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overpasses that required for impact ionization. The average critical value for the
ionization energy is about 1.6 eV. When impact ionization happens, HCs are gen-
erated, and some of them can gain enough energy to get its way into the oxide. This
is the beginning of the gate oxide degradation process. Before going into the hot
electron regime, the device may experience BTI first.

When the MOSFET is biased at low vertical gate oxide fields in the inversion
regime and if it is exposed to elevated temperatures (typically from 25 to 200oC),
there is a generation of interface states (DNit) at the semiconductor–oxide interface
and a build-up of positive charges in the semiconductor side. This wearout
mechanism is known as BTI. With the downscaling in dimension the self-heating
exacerbates, and thus the internal device temperature may go easily into the BTI
damage temperature range. The BTI causes a reduction of the MOSFET electrical
performance measured as a degradation of the threshold voltage, channel mobility,
transconductance, linear and saturation currents, and subthreshold slope. When
dealing with negative gate voltage applied to pMOSFETs, we talk of negative bias
temperature instability (NBTI), and in the case of positive gate voltage applied
to nMOSFETs, we talk of positive PBTI. The NBTI used to be the most dominant
degradation mechanisms observed only on pMOSFETs. However, since the intro-
duction of high-K oxides and metal gates, not only the NBTI has been exacerbated
but also the magnitude of PBTI is approaching that of NBTI as shown in Figure 5.13
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Figure 5.13 BTI-induced threshold voltage shift at a fixed stress time of 100 seconds
for conventional poly-Si/SION and advanced metal gate/HfO2 p- and
n-type MOSFET devices
� 2008 IEEE. Reprinted with permission from Reference 5.20
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[5.20]. The experimental data plotted in Figure 5.13 corresponds to a short stress time
of only 100 seconds, but even the PBTI for the metal-gate high-k is considerably
high. The BTI in general is strongly dependent on the gate stack structure and
processing conditions. The carrier mobility is also affected by BTI as can be seen in
Figure 5.14. The carrier mobility degradation is larger at low gate-overdrive voltages
because of Coulomb scattering due to interface traps. As shown in Figure 5.15 the
current in the saturation regime degrades more than when the transistor operates in
the linear regime.

The gate-to-drain Cgd capacitance also shows a similar degradation to that
of the threshold voltage VT (Figure 5.16). Because of the Miller effect [5.22], the
Cgd degradation translates into degradation for digital and analog circuits.
According to Reference 5.21, a 2% Idsat degradation causes a 1% reduction in the
output frequency of a ring oscillator (RO). The experimental results reported in
Reference 5.21 belong to a 130 nm node technology with dual gate oxide (2.7 nm
SiO2 operated at 1.5 V and 7 nm SiO2 operated at 3.3 V). More recently the BTI
degradation in a high-K metal-gate 40-nm RO has been reported in Reference 5.23.
The oscillation frequency degradation is shown in Figure 5.17.

The three ROs are identical, but the feedback of the 50% activity RO is con-
trolled in a way that the RO oscillates at 50% of the full speed (�1 GHz). In the
case of 0.01% activity, the feedback is inhibited most of the time in a way that the
oscillation frequency is 100 kHz. Thus, under the 50% activity condition the RO is
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subjected to HCI, while for the other two activity conditions does not. As shown in
Figure 5.17 for the given stress voltage of 1.6 times the supply Vdd voltage, a stress
time of 4000 seconds corresponds to a 10-year actual operation at the nominal Vdd
supply voltage. The HCI contribution to degradation is only observed after a stress
time longer than 104 seconds. From this condition, it is clear that the device lifetime
CMOS combinational logic is only limited by BTI, and that HCI can be neglected.
Also, degradation recovery during AC stress shows a benefit. The lifetime increa-
ses by a typical factor of 100, which for combinational logic applications is a huge
benefit that can be translated into a significant performance by increasing the
nominal value of the Vdd supply voltage. The BTI recovery, as demonstrated in
Reference 5.24, is illustrated with a test in which the gate voltage is cycled as
shown in Figure 5.18.

The device is first stressed for 100 seconds, and then the gate voltage is
reduced to a lower value near the transistor threshold voltage for 100 seconds. This
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process is repeated several times while the threshold voltage is monitored. Both
NBTI and PBTI show qualitatively similar recovery features. The differences in the
physical processes causing NBTI and PBTI are the origin for the different magni-
tude and time dependence of the recovery process. The interface or near-interface
processes originate the NBTI, which leads to faster recovery than for PBTI, where
trapping centers are situated far away from the interface. The pMOSFETs show
roughly a 50% NBTI recovery, while the nMOSFETs show only a rough 25% PBTI
recovery.

RTN [5.25] is a charge trapping/detrapping mechanism that contributes to
degradation as well. In devices with very small areas, it is possible to have only one
oxide trap in the vicinity of the surface Fermi level over the entire channel. The
capture and emission of a carrier by the single trap result in a discrete modulation
of the channel current that resembles that of a random telegraph signal as shown in
Figure 5.19.

For device shrinking down to the range of 10 nm or sub-10 nm the granularity
of matter and the discreteness of charge obliges to an atomistic approach of the
device analysis [5.26], which results in a large device parameter variability. This
large device parameter variability reflects also in a reliability variability that
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strongly affects circuits. The gate oxide aging is strongly related to RTN as shown
in Reference 5.27, by the observation of exponentially distributed threshold voltage
shifts corresponding to single-carrier discharges in NBTI transients in pMOSFET
devices. The time-dependence observed in device reliability through the RTN
mechanism adds time dependence to device mismatch as well, which in turn impacts
the performance of CMOS differential amplifiers as demonstrated in Reference 5.28.
Three different CMOS differential amplifier configurations (Figure 5.20) were
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simulated considering a threshold voltage variability of 5% and a stress time of up
to 105 seconds. The simulated average gain as a function of stress time is shown in
Figure 5.21.

For the three amplifier configurations a large gain reduction is observed if
threshold voltage variability is considered. This confirms that threshold variability
plays an important role in circuit aging. The statistical variability at the device level
can be simulated if kinetic Monte Carlo engine in a full dynamic simulation
framework is considered as demonstrated in Reference 5.26. Statistical values are
defined for a given device, and traps are created in the oxide. Then the electrostatic
of the device is solved, providing the local carrier concentration and potential
barrier profile required to evaluate the average time constants of each traps. Upon
calculation of these rates, the kinetic Monte Carlo engine randomly selects which
trap will capture or emit a charge. Under this simulation approach the effect of
statistical variability and traps properties lead to different RTN sensitivity and BTI
behavior as depicted in Figure 5.22.

The behavior shown in Figure 5.22 is explained as a percolative conduction
regime in the presence of random dopants. The random dopant distribution is
different for different devices, thus both the capture and emission time constants
and the threshold voltage amplitudes are dispersed from device to device.

The first attempt to incorporate device HC degradation into circuit reliability
was reported in Reference 5.29. A 0.7-mm LDD CMOS technology was used to test
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the reliability of a 91-stage RO. The RO frequency degradation as a function of
stress time is shown in Figure 5.23. The BERT (Berkeley Reliability Tools) is used
to simulate the impact of HC at the device level on circuit reliability. The program
includes both nMOSFET and pMOSFET HC models [5.30]. The simulator incor-
porates a parameter ‘‘Age,’’ which relates to the amount of stress experienced by
each device, and it is used to quantify device degradation during circuit operation.
During circuit simulation, the Age is calculated for each device at each time step
and then integrated to obtain the total Age of the SPICE analysis. After the age of
each transistor in the circuit is calculated by this quasi-static method, the aged
process files corresponding to the individual transistors are then used to simulate
the actual circuit degradation for a specific period of time. The RO and test
transistors fabricated in the 17.5-nm gate oxide thickness 0.7 mm LDD technology,
were stressed at a Vdd voltage of 8.0 V, under peak substrate current peak condi-
tion for the nMOSFET and peak gate current condition for the pMOSFET. A Vdd
voltage of 5 V was used for all measurements, while parameter degradation was
monitored at Vgs ¼ 5 V and Vds ¼ 0.1 V.

The good correlation between simulated and measured results for the RO
confirms that circuit degradation can be predicted using the quasi-static method for
a 0.7-mm LDD CMOS technology. For advanced CMOS technologies, such as the
28-nm high-K metal gate, BTI should be used in combination of HC if an appro-
priate circuit reliability prediction is required. In Reference 5.31 the coexistence
and weight of coupling of the two aging mechanisms, BTI and HC, is quantified.

So far it has been demonstrated that advanced CMOS technologies result in
significant circuit performance, but, on the other hand, the reliability window reduces,
which jeopardizes device reliability and increases the circuit failure risk at an early
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operation stage. Therefore, the appropriate incorporation of the coupled BTI–HC
degradation mechanisms is crucial for an accurate circuit design and reliability pre-
diction. Most of the device-level model assumes that BTI and HC are cumulative and
independent. However, they interact with each other in a complex way, where HC
degradation is affected by BTI degradation through coupling factors. The aging
simulation flow has two steps. First, stimuli are analyzed for each individual device
and a defect build-up quantity is computed taking into account the waveform in a
digital representative time. Second, defect build-up induced degradation is performed
by a SPICE parameters change. Once this is done, several ROs based on inverters of
different gate lengths are stressed at wafer level. The oscillating frequency at both
25�C and 125�C are measured as a function of stress time. The monitored 1-GHz
frequency at a nominal Vdd supply voltage is shown in Figure 5.24.

The standard models that do not account for BTI–HC coupling overestimate
the frequency drift by a factor greater than 2. The different weights of mechanisms
involved in the degradation are depicted in Figure 5.25. The two models, the one
with HC and BTI decoupled (standard) and the HCþBTI coupled, are considered
for stress from �40�C to 125�C. The measured HC degradation increases with
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temperature by more than 50% for pMOSFET. Only HC-BTI coupling can explain
that the obtained total degradation on RO is moderated. HC in pMOSFET is one of
the major contributors in the standard model at 125�C, but it totally vanishes in the
HC-BTI coupled model due to the presence of NBTI. At low temperature, BTI has
a small contribution, which explains the difference observed between the two
models at �40�C and 25�C. At 125�C the degradation is driven by BTI. At 125�C
the HC contribution is weak.

The results shown in Figures 5.24 and 5.25 demonstrate that a compact model
accounting for coupled HC-BTI is required for accurate and predictive design-in-
reliability simulations at IP (Intellectual Property) level.

In the analog/mixed-signal (AMS) circuit arena, special care has to be taken
with the basic building blocks, such as current mirrors, operational amplifiers, and
bandgap reference, for instance. In these cases, the precision and accuracy strongly
depends on transistor matching. When compared to digital circuits, the AMS
circuits are always subjected to a constant DC power supply, which in addition to
self-heating effects recreates a voltage and temperature stress condition that may
vary from place to place inside of the integrated circuit. NBTI is a significant
concern for analog circuits since many analog operations require device matching
[5.32], and NBTI could induce mismatching leading to circuit failure. Analog
circuit designers need to anticipate to device aging effects by designing and running
aging simulations. This requires special attention as the design window shrinks
with the aging-induced device parameters drift. The analysis of an OTA in
closed-loop configuration has been done in Reference 5.33. A Miller OTA imple-
mented in a 32-nm metal-gate high-k CMOS technology is used as a test vehicle as
shown in Figure 5.26. The closed-loop OTA is subjected to aging simulation
with an equivalent stress time of 4 years at a VDD ¼ 1.155 V and T ¼ 85�C
(Figure 5.27). Under closed-loop condition the input transistors are not subjected to
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Figure 5.26 Schematic of the OTA circuit in closed loop configuration
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high stress voltage because they operate near common mode voltage. On the other
hand, the output transistors can be subjected to full supply voltage swing. The
sensitivity of the offset is small for the parameter drifts for the output transistors,
which results in a small aging-induced offset. The dominant contribution to aging-
induced output-referred offset due to VT shift comes from NBTI from the output P2

transistor. NBTI degradation from transistors P0 and P1 compensates each other
because they are subjected to the same gate to source voltage.

The dielectric breakdown of the gate oxide may cause partial or total loss of
the transistor function as well as an undesirable increase in standby power
consumption, which also leads to unpredictable consequences for the functionality
at a circuit level. The precise location where dielectric breakdown occurs in the
transistor determines the level of failure. For instance, soft breakdown that occurs
exclusively in the transistor channel [5.34] may not lead to fatal failure. However,
the hardest circuit-killing breakdowns occur above the source and drain extension
regions. A gate oxide breakdown position, along the channel axis, determination
technique has been developed in Reference 5.34, where an effective resistance Reff
of the breakdown path is defined as Reff ¼ (Vg ¼ 1.5 V)/(Ig at Vg ¼ 1.5 V) at
Vs ¼ Vd ¼ 0 V. The soft breakdown range is 105–109W, while the hard breakdown
range is 102–104W. The post-breakdown Reff as a function of the position x along
the channel is shown in Figure 5.28.

Reff rises with x until a constant value of about 20 kW is reached at about
40 nm away from the source gate edge. The same happens at the drain side. The
lower Reff values occur in breakdown spots located over the source/drain extension
regions. Circuit failure occurs only if Reff is smaller than a critical value Reffcrit.
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The technical description of the physics, modeling, characterization, simula-
tion, energy-efficiency, and degradation and lifetime of semiconductor electron
devices has been covered, through Chapters 2 and 3. This has been done with the
aim of blending that information at the applications level and not to the level of a
reliability textbook. This enables an integral view to our reader about the physics
of nano-scaled semiconductor devices; the way they are fabricated and their
electrical performance, reliability, and lifetime can be extrapolated to the energy-
efficiency of systems used in our daily life. These systems, which find wide uti-
lization in medicine, research, industry, food production, health care, and many
other sectors, have a relevant societal impact for mankind. They have been
reviewed in Chapter 4 and shown to have a profound impact for instance on
optimizing the milk and meat production and by reducing the irrigation used in
crop fields, to mention just two examples. These examples clearly illustrate the
emblematic societal impact that at the same time reduce greenhouse gasses by the
use of wireless network sensors/actuators in conjunction with signal processors to
monitor and reduce the methane emission produced by cows. Adjusting the cow
diet so the pH and temperature variables in the cow’s rumen stay in a safe window
where milk quality improves and methane emission are reduced to accomplish this
win-win scenario.
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Beyond agricultural, urban (‘‘smart city,’’ ‘‘IoT’’), industry, research, and other
sector applications, we find the medical and health care applications, which have a
direct societal impact on population. They help people monitor health conditions and
diminish the risks of unattended medical crisis, like heart attacks or diabetes events
for instance. So far silicon and its associated devices, circuits, and systems have
planted the starting seed for the development and production of a wide array of
electronic instruments that we see in our daily life. But this is not the end of the story;
the electronic applications have traveled outside of our planet. In 1969 the first flight
computer, using integrated circuits, was used for man to land on the moon. In 2012
the Curiosity (rover) landed on Mars. The expedition to Mars is a 54.6 million
kilometer journey (Figure 5.29). The outer space environmental conditions require
special considerations for the electronics to be reliable, and thus send true and relevant
information back to earth.

Electronic applications, with their advanced nano-scaled semiconductor
devices, surrounded by computing capabilities, communications, and the ability,
through sensors and actuators, to interact with the environment and the human
being have become a ubiquitous element and inherent attribute in our society. They
will continue pervading our lives at any moment and any time

From earth and the human being to the space

Mars

Moon

384,400 kilometers 54.6 million kilometers

Silicon and other materials
Earth

Figure 5.29 Silicon has already enabled multiple electronic applications used on
earth for the benefit of human beings
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The pace at which electronics keep permeating our lives will depend only
on our ability to incorporate new materials with better energy efficiency
and the synergistic way in which they are used to save energy, thus
reducing worldwide pollution, and providing a greener and more sus-
tainable world.

Among the alternative and additional materials beyond silicon, we can
generate a long list, starting from III-V compounds, germanium (Ge) alloys for
high-speed and photodetector applications, silicon carbide for power applications,
gallium nitride (GaN) for optoelectronic applications, graphene for display, solar
cells, chemical, industrial, and various medical applications, ferroelectrics for high-
density storage data, etc.

Among the list of optional or Si-based alloys is SiGe with unique electronic
transport capabilities that have been recently exploited by IBM and Global
Foundries to fabricate the world’s first 7-nm chip [5.35]. This is a FinFET with a
SiGe channel and a 30-nm transistor pitch. These semiconductor companies are
targeting a 50%, at least, power/performance improvement for the next generation
of systems when shrinking down from 10 to 7 nm. This would be an amazing
achievement in terms of energy efficiency, and thus would contribute to energy
saving.

Even with the use of compounds such as InGaAs, as the channel of FET-based
transistors, the fabrication process would benefit from the well-established scaled
process of Si technology. The incorporation of InGaAs on SOI has been experimen-
tally demonstrated in Reference 5.36, where an electron mobility of 5400 cm2/Vs on
an InAs nanowire cross-junction has been obtained. An MuG-FET fabricated with this
process exhibits a 660 mA/mm on current and a peak transconductance of 1.0 mS/mm
at Vds¼ 0.5 V. This is promising for the next generation of III-V CMOS an opto-
electronics on Si. The commercial fabrication of true 3D integrated circuits is now a
reality; it will create a new paradigm that will open the door to a new and exciting host
of multiple applications for the near future.

5.2 Conclusion

A conclusion drawn out of the scientific work reported in 2015 is that silicon will
keep being the primary seed material for the next generations of electron devices.
Nature and the existing manufacturing infrastructure continue to favor silicon!
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