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Preface

A few years ago, Pan Stanford Publishing (Singapore) invited me to

edit the Pan Stanford Series on Intelligent Nanosystems. The series is

now quite successful and attracts many internationally well-known

researchers as authors on today’s hottest topics of nanoelectronics

and nanosystems. The notion of system has been evolving in the

past and will continue to evolve throughout the future history of

technologies. In the field of nanoelectronics and nanosystems, the

down-scaling of components has made possible the integration of

more and more complex functions which can today be handheld.

As an example, the telephone was a complex technology which was

possessed by few people until the middle of the 20th century and,

in most cases, a fixed home or office appliance. Nowadays, one can

do so many things other than just placing a call with a mobile

phone! Moreover, every human being on our planet is susceptible

to own a mobile phone which delivers access to information,

services, and leisure applications with multimodal communication.

Challenges are ahead of us to meet the growing demand for energy-

efficient and sustainable technologies not necessarily available with

today’s current schemes. In such a context, alternative devices and

approaches are benchmarked for sensing, actuating, data storage,

and processing. This evolution already requests new technology

integration paradigms, which leave the floor to integrated intelligent

nanosystems to match low power and high performance by either

hybrid or heterogeneous CMOS in 2D/3D and give opportunities to

emerging devices. This is what the series is aimed at highlighting.

The first volume, published in April 2014, contains 13 chapters

and is dedicated to Intelligent Integrated Systems: Devices, Tech-
nologies, and Architectures. The second volume, published in

November 2017, contains 8 chapters and is dedicated to Integrated
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Nanodevice and Nanosystem Fabrication: Materials, Techniques, and
New Opportunities.

The current volume, the third, contains 10 chapters and

is titled Emerging Devices for Low-Power and High-Performance
Nanosystems: Physics, Novel Functions, and Data Processing. Follow-

ing the introduction, the book is divided into two parts. Part 1

(Chapters 1–4), titled Hybrid and Heterogeneous CMOS for Ultra-

Low-Power Data Processing, reports on junctionless transistors,

III–V/Si heterostructure–based tunnel field-effect transistors, NEMS

switches for logic and memory, and NEMS switches for ultra-

low-power adiabatic architecture design. Part 2 (Chapters 5–

9), titled Revised Actuation, Sensing, and Data Storage Modes

in Emerging Devices for Alternative Computing, reviews single-

spin quantum bit manipulation in pMOSFET or electron-based

coupled quantum dots both on silicon, metal/insulator/metal, or

metal/phase change material/metal-based memristor potential to

dual store or process data, bio-inspired neuromorphic 1 transistor-1

resistor circuit architectures, and nanomagnetic logic architectures

based on multilayered nanomagnets exchanging bias vertically and

horizontally.

This book and the series are intended for graduate students,

educators, researchers, and engineers. I hope to give the readers the

opportunity to enjoy the highest-level tutorial reports on the most

advanced research results, written by worldwide famous authors. I

am very happy to present this book, which, I am sure, will be useful

to boost their own research or simply their curiosity and knowledge.

Simon Deleonibus
Former Chief Scientist, CEA–LETI

Fellow, IEEE
Fellow, The Electrochemical Society

CEA Research Director

simonedit2016@gmail.com
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xviii Introduction

I.1 The More Integrated Sustainable Functions
Era Yet to Come?

Since the foundation of the International Technology Roadmap

for Semiconductors (ITRS) [1], its action has been driven by

integrated circuits’ progress based on complementary metal-oxide

semiconductor (CMOS) technology scaling. The dominating idea

was summarized in the famous 1965 paper by Gordon E. Moore

on the increase of the number of components integrated on a

chip [2]. The title of Moore’s paper, “Cramming More Devices

on a Chip,” became a motto for all microelectronics engineers

and scientists as a basic guideline to boost their research and

development. The domains More Moore, More than Moore, and

Beyond CMOS (or Beyond Moore) [1, 3] have been defined to address

the different device categories in application areas and possible

alternatives.

I.1.1 New Virtuous Paradigm to Proceed the Historical
Trend of Breakthroughs

Increasing the level of abstraction has always guided progress in ad-

vanced technologies in the past. New challenges are relevant to the

integration of pure information science outputs into a wider scope,

and their pervasion in the real world. The new routes ahead of us are

marked by mottos such as “Cramming More Functions in Integrated

Systems,” overtaking Gordon Moore’s famous words of 1965 [2]. If

one considers the evolution of technologies since prehistory, many

examples demonstrate the capability of human beings to increase

the level of abstraction each time a technological breakthrough

has been introduced to be embedded or cointegrated with another

technology heterogeneously. For example, the invention of flint tools

preceding the invention of the hammer or the knife was possible

thanks to the mastering of heterogeneous integration of wood and

stone technology and, further on, thanks to the discovery and

mastering of iron technology. One can make the same assumption

regarding the invention of mechanical calculators followed by the
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inventions of electric cash registers, mainframe computers, pocket

calculators, personal computers, mobile handset telephones, and

smart telephones. At each breakthrough new functionalities have

been added to the former technology.

A new paradigm could thus be defined as more integrated sus-

tainable functions (MISFs). This is guided by the historical necessity

to introduce breakthroughs as well as by social pressure defining

new usages. Progress in information and communication technology

(ICT) cannot be measured anymore only by implementing on a

chip an increasing number of faster devices; it has to be measured

by more diversified functions defined in a sustainable way. This

new definition of progress takes into account ecoresponsibility,

on both environmental and sustainability sides, overtaking the

introduction of functional diversification [1, 2]. Today, technical

solutions are very often proposed as optimal choices in terms of

materials and fabrication processes as well as for computation and

data processing. The proposed solutions that result from these

choices do not take into account the availability/scarcity of materials

and the potential impact on social or ecological environments.

These aspects become also the researcher’s responsibility because

of their scientific and technical consequences. If an optimal choice

cannot be adopted, how can it be replaced without any detrimental

consequences for performance and expected outputs? In the field of

materials science or chemistry, for example, the adopted solutions

are brought for the sake of thermodynamic optimization. Envisaging

a new solution that is socially acceptable, without increasing

the cost, involves efforts in terms of research and development.

Hopefully, in some cases, fabrication techniques that are not

commonly used by a branch of the sector can be adopted by giving

more credit to a new viewpoint. This is the case for catalysis [4]

in the field of chemistry, which gains in popularity thanks to its

performance (mass efficiency) and impact on waste management.

In the field of electronics, it is timely to take such routes and start

investigations into new solutions. A new roadmap needs to be built

that will take into account at the same time ecologically sustainable
technological solutions and energy efficiency in ICT.
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I.1.2 Ecologically Sustainable Technological Solutions

Scarcity of materials, especially spice or noble metals, is a threat to

the earth’s economically exploitable reserves and, in fine, the whole

nanoelectronics activity! For example, Zn, Au, In, Te, and other rare

earths [5] commonly used in our electronic devices or apparatuses

are candidates for severe rarefaction of known reserves by 2025.

According to different sources, the more commonly used materials,

such as Sn, Cu, Ta, and Pb, would pose the same type of issues

by 2030–2040 and Ni by 2050. It is relevant to draw new routes

for sustainable electronics. This would entail either alternative

solutions inspired by less material greedy green chemistry [4] or

process solutions to promote a circular economy [6]. A circular

economy was traditionally seen as the “poor” people’s solution to

survive. Today, it has become a major tool to master sustainability

in the main ecosystem [6]. Nevertheless, this should not be a

good/bad opportunity to increase “programmed obsolescence,” a

great temptation to boost business based strictly on financial

considerations.

I.1.3 Energy Efficiency in ICT

Energy efficiency has always been a major request for decision

making in the ICT world. The priority for scaling digital electronics

has been balanced by the urgent necessity to reduce power

consumption along with increasing their speed, also designated

as energy efficiency. Information processing and storage has been

considered separately or in association (combination), depending

on the applications.

In order to address the future of information processing, a critical

assessment has been carried out, by the Micro/Nanoelectronics

scientific community, through the different aspects of state variable,

material science, device physics, data representation and computing

architecture (see for example the Emerging Devices (ERD) ITRS

chapter in the 2007 version of Ref. [1]). In this respect, the pertinent

figure of merit to consider in order to make fair comparisons is the

bandwidth delivered per unit of consumed energy.
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As far as the CMOS is concerned, this was a difficult paradigm that

the ITRS encountered at the beginning of the 2000s and it finally

defined three product families for silicon-based integrated circuits

(ICs): high performance (HP), low operating power (LOP), and low

standby power (LSTP). The increasing popularity of mobile devices

pushed for power saving but requested a HP for fast video Internet

access. Thus, combining LSTP or LOP devices in systems on a chip

(SOC) became a necessity.

Meanwhile, other architectures have been considered or some-

times reconsidered as alternatives to a CMOS by many research

teams worldwide and the ERD Working Group of ITRS [1, 7–

10]. In all the various benchmarks made since 2001, the CMOS

appeared to be “not too bad” in terms of essential figures of merit

comparing speed versus switching energy, size, and potential cost.

Among all charge transfer devices, tunnel field-effect transistors

(TFETs) demonstrate by far the best opportunity to scale down

device size and applied voltage. The supply voltage is the strongest

tuning parameter to reduce standby and active power dissipation.

TFET would be accepted as a solution because it could be directly

derived from the CMOS by changing the type of one of the current

injecting electrodes (source or drain). This would be possible if,

and only if, short channel effects (mainly charge sharing and drain-

induced barrier lowering) are drastically reduced. On this latter

point, nanowire channels with a gate all around the architecture

are the ultimate way to ensure scalability [7–9, 11]. Once these

architectures have been accounted for, it has been possible to

consider other candidates using different state variables, such

as spin, magnetization, strong electron correlation, phase, and

polarization, that would potentially be much more energy efficient.

The ERD group of the ITRS made this classification as early as 2007.

The technological demonstration and one-to-one comparison are

not always obvious due to the differences in maturity of the different

technologies or their known process integration.

To date, no new Holy Grail has been reported to replace the

CMOS straightforwardly once we have exhausted all the possibilities

offered by the dominating digital computing–based technology. This

is why the association of different technologies would also be
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(a)

(b)

Figure I.1 (Modified and adapted from Ref. [7]) Monolithic/Sequential 3D

integration makes possible heterogeneous cointegration of (a) materials

and sensors, thanks to cold end processing in midprocess. Improve-

ments on layout area and energy-delay product can be obtained on

partitioned Si CMOS FPGAs. (b) High-density or 3D memories (DRAM,

RERAM, RERAM/SRAM) embedded with a digital circuit can deliver more

bandwidth, reduce latency, and introduce neuromimetic and programmable

architectures. This scheme can be used to implement massively parallel

based computing architecture necessary for quantum computing and highly

resolvant sensors as well. Passive components can be cointegrated as usual,

above the IC, at the backend of the line (or in package) after the sequential

process.

eligible for evaluation once the priority issue of CMOS compatibility

has been settled. However, very little heterogeneous cointegration

of the different technologies and their applications has been

achieved. Today, thanks to the reduced thermal budget, it is possible

to envisage such scenarios by using high-density 3D integration

(Fig. I.1) in many ways (see also Refs. [7, 8, 12–14]). Different
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semiconducting or metallic materials and devices using different

actuation and sensing modes (electrostatic, mechanical, spin based,

magnetic, RF waves, etc.) can be cointegrated with a CMOS in

midprocess sequential 3D) or at the backend of the line or stacked

on top of an already processed chip. New opportunities arise to bring

in new applications of or add-ons to a CMOS in many ways, such as

adiabatic ultra-low-power logic or sensing based on cointegration

of the CMOS and mechanical resonators, spin manipulation in

CMOS devices for quantum computing applications [15], and electric

charge– or magnetic-based quantum cellular automata.

In this book, hybrid integration and heterogeneous integra-

tion are emphasized as eligible approaches for an improved or

augmented CMOS, emerging device architecture, and enablers for

alternative computing or sensing data storage paradigms.

I.2 The Third Volume of the Pan Stanford Series
on Intelligent Nanosystems

Volume 3 of the Pan Stanford Series on Intelligent Nanosystems

is titled Emerging Devices for Low-Power and High-Performance
Nanosystems. Historically, emerging devices have always posed

new issues regarding data processing, because of their physics

and the possible new functions they might enable. That is why

the subtitle of Volume 3 is Physics, Novel Functions, and Data
Processing. Charge transfer devices have been dominating computer

architectures since the early development of ICs. With the scaling

of supply voltages and electrical signals, mechanisms different

from charge diffusion could be eligible, such as band-to-band

tunneling and ionic transport, provided no major device degradation

is brought. Still, electrostatic integrity is a major concern to

master their energy efficiency: the choice of device architecture

and heterogeneous association of materials with other devices are

interesting questions to evaluate. In the context of low applied

supply voltages and electric fields, different state variables might

be eligible to compute information besides electric charge, such

as spin, magnetic waves, and magnetic coupling. Finally, new data
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processing paradigms at the device level or circuit/system level

can be envisaged with the advent of new architectures offered

by emerging devices: adiabatic logic, neuromorphic data storage

and processing, quantum information processing, close to zero

energy consumption management with nanowires, mechanical and

magnetic switches, and new sensing capabilities. In all the cases

exposed in this book, the authors demonstrate that the proposed

solutions are compatible with cointegration or coexistence with

silicon CMOS technology.

This volume features nine chapters in two parts: Part 1, Hybrid

and Heterogeneous CMOS for Ultra-Low-Power Data Processing

(Chapters 1 to 4), and Part 2, Revised Actuation, Sensing, and

Data Storage Modes in Emerging Devices for Alternative Computing

(Chapters 5 to 9).

In Part 1, junctionless transistors, III-V/Si heterostructure–

based TFETs, nanoelectromechanical (NEM) switches for logic

and memory, and NEM switches for ultra-low-power adiabatic

architecture design are reviewed.

In Chapter 1, Jean-Pierre Colinge of CEA-LETI gives a thorough

review of the junctionless transistor architecture. The transis-

tor integration process simplification opens up new opportuni-

ties to cointegrate with Si other semiconductors, such as Ge,

whether crystalline or noncrystalline, in a much more efficient

way. The junctionless architecture is straightforwardly suited for

3D sequential/monolithic cold-end integration of a CMOS and

sensors/actuators. The physics and applications of junctionless

transistors are described, and a list of models developed to simulate

their electrical characteristics is given.

In Chapter 2, Katsuhiro Tomioka of Hokkaido University reviews

the challenges and demonstrates achievements of vertical TFETs

using III-V/Si heterostructures with steep subthreshold slopes

lower than 21 mV/decade. This device is a good illustration of what

a hybrid CMOS could be. Process integration issues are analyzed,

and solutions to reduce misfit dislocations, thanks to the small-

diameter III-V/Si nanowire channel, are proposed. TFETs are serious

candidates to achieve a HP CMOS at a low voltage.

In Chapter 3, Chuang Qian and Tsu-Jae King of the Univer-

sity of California, Berkeley, investigate the opportunities in the
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cointegration of CMOS and NEM switches in 2D and 3D. They

have demonstrated the superior performances of body-biased NEM

relays and sub-100-mV switching low-power possibilities. Several

switch designs are studied that take into account their process

integration capabilities and issues, such as contact reliability.

Hybrid vertical monolithic integration over a CMOS can offer

new alternatives in the field of logic computation, such as look-

up tables (LUTs), thanks to switch-based nonvolatile memory

integration.

In Chapter 4, Hervé Fanet of CEA-LETI reviews the principles of

adiabatic logic and its interest compared to the CMOS for ultra-low-

power applications. The chapter introduces nanoelectromechanical

system (NEMS)-based adiabatic logic combined with the CMOS and

demonstrates its ability to drastically reduce power consumption.

The different architectures of adiabatic logic gates are reviewed.

Their switching energy versus performance figures of merit are

compared with those of the CMOS. Finally, capacitance-based

adiabatic logic, using NEMS-based integration and alleviating the

switch contact resistance limitations, is studied as a promising new

paradigm for ultra-low-power logic.

Part 2 features the breakthrough approaches as follows: single

spin quantum bit manipulation, memristors and neuromorphic

architectures as well as nanomagnetic logic. Quantum bit manip-

ulation is studied either on pMOSFET or electron-based coupled

quantum dots, both processed on silicon. Metal/insulator/metal or

metal/phase change materials/metal-based memristors potential

serve dual data storage or process and bio-inspired neuromorphic 1

transistor-1 resistor circuit architectures. Nanomagnetic logic archi-

tectures use multi-layered nanomagnets exchanging bias vertically

and horizontally.

Chapter 5, by Romain Maurand et al. is a common effort by CEA,

INAC and CEA, LETI on the realization of a single spin quantum

bit (Q-bit) based on a silicon CMOS technology. The devices are

processed through an already mature technology node available in

a 300 mm wafer fab and a research laboratory. This consortium has

a lot of experience in single electronics on a CMOS and extends its

expertise to single spin manipulation for application in quantum

electronics. The spin actuation and readout are obtained on PMOS
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transistors, submitted to a microwave signal and operating in the

Pauli blockade regime.

Chapter 6, by Kodera et al. of the Tokyo Institute of Technology,

describes the potential of tunnel-coupled double quantum dots

(DQDs) as candidates for large-scale integration of Q-bits by using

a CMOS-compatible process flow. A single electron transistor (SET)

is used to sense laterally as low as single charge and spin in tunnel-
coupled DQDs. A well-defined charge stability diagram is obtained

for the few-electron regime in the DQD.

In Chapter 7, Rao et al., of the University of Massachusetts,

review the concept of a memristor and highlight its great ability

to dually store and process data. The memristors are based on

two terminals devices sandwiching an insulator or a phase change

material between two metal electrodes. This is the main class of

devices in which the internal resistance depends on the history

of applied voltage or current. Ionic and oxygen vacancies motion

or thermal phase materials change between electrodes are the

various physical phenomena operating in these devices. The authors

highlight typical examples, from digital to analog applications and,

particularly, spiking neural networks, scalable down to sub-10 nm

and integrated in a 3D CMOS.

In Chapter 8, Vianello et al., in a joint effort by CEA-LETI

and CEA-LIST, show how to implement spike-based neuromorphic

circuits by integrating one transistor–one resistor memory (1T1R

RRAM) devices and arrays. The resulting synapses can be used

for visual pattern classification through a convolutional neural

network as well as to perform on-chip unsupervised learning

in fully connected neural networks. To mimic bioinspired circuit

architectures and algorithms, these functions demonstrate time-

dependent plasticity, essential to future impact on the neural deep

learning process efficiency and its power consumption. Long- and

short-term plasticity of the neural network can provide a data

set–free learning process and high background-noise immunity,

respectively.

In Chapter 9, Dey et al., in a joint effort by the University of Notre

Dame and Pazmany University of Budapest, review the principle of

magnetically coupled cellular automata logic, their ultra-low-power

highlights, and speed and directionality limitations in the historical



November 12, 2018 12:3 PSP Book - 9in x 6in 00-Deleonibus-Prelims

References xxvii

field coupling–based architectures. Magnetization is the state vari-

able of the coupled cells. The authors propose solutions to enhance

the performance of the nanomagnet logic (NML) architectures by

adding unidirectional anisotropy capabilities, thanks to an exchange

of bias between magnetic multilayers. In addition, speed can be

increased through lateral exchange coupling among nanomagnets

mediated by a common underlying magnetic film.
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