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Nanowire Transistors
Physics of Devices and Materials in One Dimension

From quantum mechanical concepts to practical circuit applications, this book presents a
self-contained and up-to-date account of the physics and technology of nanowire
semiconductor devices. It includes:

» An account of the critical ideas central to low-dimensional physics and transistor
physics, suitable to both solid-state physicists and electronic engineers.

« Detailed descriptions of novel quantum mechanical effects such as quantum current
oscillations, the semimetal-to-semiconductor transition, and the transition from clas-
sical transistor to single-electron transistor operation are described in detail.

» Real-world applications in the fields of nanoelectronics, biomedical sensing
techniques, and advanced semiconductor research.

Including numerous illustrations to help readers understand these phenomena, this is an
essential resource for researchers and professional engineers working on semiconductor
devices and materials in academia and industry.

Jean-Pierre Colinge is a Director in the Chief Technology Office at TSMC. He is a
Fellow of the IEEE, a Fellow of TSMC and received the IEEE Andrew Grove Award in
2012. He has over 30 years’ experience in conducting research on semiconductor
devices and has authored several books on the topic.

James C. Greer is Professor and Head of the Graduate Studies Centre at the Tyndall
National Institute and Co-founder and Director of EOLAS Designs Ltd, having formerly
worked at Mostek, Texas Instruments, and Hitachi Central Research. He received the
inaugural Intel Outstanding Researcher Award for Simulation and Metrology in 2012.
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Preface

After the era of bulk planar CMOS, trigate field-effect transistors (FinFETs), and fully
depleted silicon-on-insulator (SOI), the semiconductor industry is now moving into the
era of nanowire transistors. This book gives a comprehensive overview of the unique
properties of nanowire transistors. It covers the basic physics of one-dimensional
semiconductors, the electrical properties of nanowire devices, their fabrication, and
their application in nanoelectronic circuits.

The book is divided into seven chapters:

Chapter 1: Introduction serves as an introduction to the other chapters. The reader is
reminded of the exponential increase in complexity of integrated circuit electronics over
the last 50 years, better known as “Moore’s law.” Key to this increase has been the
reduction in transistor size, which has occurred in a smooth, evolutionary fashion up to
the first decade of the twenty-first century. Despite the introduction of technology
boosters such as metal silicides, high-x dielectric gate insulators, copper metallization,
and strained channels, evolutionary scaling reached a brick wall called “short-channel
effects” in the years 2010-2015. Short-channel effects are a fundamental device physics
showstopper and prevent proper operation of classical bulk MOSFETs at gate lengths
below 20 nm. The only solution to this problem is the adoption of new transistor
architectures such as fully depleted silicon-on-insulator (FDSOI) devices [1,2] or
trigate/FinFET devices [3]. Ballistic transport of channel carriers, which replaces clas-
sical drift-diffusion transport, is also introduced in this chapter.

Chapter 2: Multigate and nanowire transistors first explains the origin of the short-
channel effects that preclude the use of bulk MOS transistors for gate lengths smaller
than 20 nm. Based on Maxwell’s electrostatics equations, this chapter shows how the use
of multigate and gate-all-around nanowire transistor architectures will allow one to push
the limits of integration to gate lengths down to 5 nm and possibly beyond, provided the
diameters of the nanowires are decreased accordingly. In semiconductor nanowire with
diameters below approximately 10 nm (this value is temperature dependent and varies
from one semiconductor material to another), the coherence length of electrons and
holes can become comparable to or larger than the wire cross-sectional dimensions, and

J.P. Colinge, Silicon-on-Insulator Technology: Materials to VLSI, 3rd edition, Kluwer Academic Publishers/
Springer (2004).

2 0. Kononchuk and B.-Y. Nguyen (eds.), Silicon-on-Insulator (SOI) Technology Manufacture and
Applications, Woodhead Publishing (2014).

3 JP. Colinge (ed.), FinFETs and Other Multi-Gate Transistors, Springer (2007).
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one-dimensional (1D) quantum confinement effects become observable. The formation
of 1D energy subbands in narrow nanowire transistors gives rise to several effects such
as an increase of energy band gap, oscillations of drain current when gate voltage is
increased, and oscillations of gate capacitance with gate voltage (quantum capacitance
effect). Some collateral effects can be predicted, such as a semimetal-to-semiconductor
transition in thin semimetal nanowires, and a MOSFET to single-electron transistor
transition in nanowire transistors with non-uniform channel properties.

Chapter 3: Synthesis and fabrication of semiconductor nanowires lists the dif-
ferent top-down and bottom-up techniques used to grow or etch and pattern nanowires.
Vertical nanowires can be grown by the VLS (vapor—liquid—solid) technique or confined
epitaxy, or formed using lithography and etching. Horizontal nanowires can also
be grown using the VLS technique, by patterning an SOI layer, or by patterning
heteroepitaxial layers, such as Si/SiGe/Si. Examples of nanowire transistor fabrication
processes are given. Chapter 3 also describes methods for smoothing and thinning
down silicon nanowires. The properties of heterojunction nanowires (core-shell
nanowires and axial heterojunctions) are described. Finally, strain effects in nanowires
are explored, including carrier mobility enhancement, Young’s modulus, and fracture
strength.

Chapter 4: Quantum mechanics in one dimension provides a résumé of the
physical description of one-dimensional systems in quantum mechanics. A brief sum-
mary of the principles of quantum mechanics is given. Particular emphasis is given to
topics that are related to describing nanowire transistors including momentum eigen-
states, energy dispersion, scattering states in one dimension, probability current density,
and transmission at potential energy barriers. A description of materials and nanowires
using the concept of electronic band structures is provided and calculation of simple
band structures is provided using simple examples such as a linear chain of atoms.
The relation of electronic band structures to the density of states and how the density of
states can be used to characterize three-dimensional (3D) bulk, two-dimensional (2D)
electron and hole gases, and (1D) nanowire material systems is presented.

Chapter 5: Nanowire electronic structure examines in greater detail the impact of
fabricating nanometer scale devices with one or more critical dimension comparable
to or smaller than the Fermi wavelength of the confined charge carriers. The crystal
structure of semiconductors commonly used in electronics such as silicon, germanium,
and gallium arsenide are introduced. Mention is made of two-dimensional materials
such as graphene and the transition metal dichalcogenides, and carbon nanotubes are
briefly discussed in relation to applications in electronics. Emphasis is placed on the
experimental measurement and theoretical calculation of electronic structure. Quantum
mechanical effects become apparent below 10 nm critical dimensions and below 6 nm
confinement and surface effects begin to dominate silicon nanowire properties. A greater
understanding of the dependence of orientation, surface chemistry, disorder, doping
effects, and other factors arising for nanopatterned materials is needed to optimize the
use of nanowires in transistor configurations. This chapter highlights how these factors
can influence electronic structure and demonstrates their impact with examples for
silicon nanowires with diameters below 10 nm.
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Chapter 6: Charge transport in quasi-1D nanostructures investigates how charge
carriers flow through nanowires. The operation of voltage sources as charge carrier
reservoirs interacting with nanowires is introduced, and the relationship of voltage to
current flow on the nanometer length scale leads to conductance quantization and the
Landauer conductance formula. Charge carrier mobility is introduced and the length
scales associated with scattering mechanisms leading to macroscopic mobilities are
outlined. For charge transport on length scales shorter than the scattering lengths,
ballistic and quasi-ballistic charge transport emerges. The chapter ends with a brief
introduction to the Green’s function approach to charge transport in nanowires as it
possesses the capability to describe charge transport from quantum ballistic to classical
drift and diffusion regimes.

Chapter 7: Nanowire transistor circuits describes the potential and performances
of nanowire transistors in logic, analog, and RF circuit applications. This includes an
in-depth analysis of SRAM and flash memory cells. New types of circuit architectures
are enabled by the use of nanowire devices, such as crossbar circuits and “nanoscale
application specific integrated circuits” (NASICs). The large surface area-to-volume
ratio of nanowires makes them ideal for sensing minute amounts of chemicals and
biochemicals. Nanowire transistors have proven to be efficient sensing devices, capable
of detecting chemicals in concentrations as low as a few tens of attomoles.
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The history of electronics spans over more than a century. A key milestone in the history
of electronics was the invention of the telephone in 1876 and patents for the device were
filed independently by Elisha Gray and Alexander Graham Bell on 14 February that
same year. Bell filed first, and thus the patent was granted to him. This timely, or
untimely for Gray, coincidence has become a textbook example for teaching the
importance of intellectual property law in engineering schools across the globe.

Years later, the first radio broadcast took place in 1910 and is credited to the De Forest
Radio Laboratory, New York. Lee De Forest, inventor of the electron vacuum tube,
arranged the world’s first radio broadcast featuring legendary tenor Enrico Caruso along
with other stars of the New York Metropolitan Opera to several receiving locations
within the city. Experimental television broadcasts can be traced back to 1928, but
practical TV sets and regular broadcasts date back to shortly after the Second World War.

During this initial phase of development, electronics was based on vacuum tubes and
electromechanical devices. The first transistor was invented at Bell Labs by William
Shockley, John Bardeen, and Walter Brattain in 1947 and they used a structure named a
point-contact transistor. Two gold contacts acted as emitter and collector contacts on a
piece of germanium. William Shockley made and patented the first bipolar junction
transistor in the following year, 1948. It is worth noting that the point-contact transistor
was independently invented by German physicists Herbert Mataré and Heinrich Welker
of the Compagnie des Freins et Signaux, a Westinghouse subsidiary located in Paris [1].

The first patent for a metal-oxide-semiconductor field-effect transistor (MOSFET)
was filed by Julius Edgar Lilienfeld in Canada and in the USA during 1925 and 1928,
respectively [2,3]. The semiconductor material used in the patent was copper sulfide and
the gate insulator was alumina. However, a working device was never successfully
fabricated or published at that time. The first functional MOSFET was made by Dawon
Kang and John Atalla in 1959 and patented later in 1963 [4]. The successful field-effect
operation was enabled by the use of silicon and silicon dioxide for the metal-oxide-
semiconductor (MOS) stack. Unlike other insulator—semiconductor structures of the
time, the Si—SiO, interface could be formed without a large density of electrically active
defects that would otherwise prevent the penetration of the electric field from the gate
into the semiconductor. Even when defects were present, means of deactivating them
by chemical and other means, known as passivation, were found.

Because of practical fabrication reasons, p-channel (pMOS) technology was devel-
oped first and relied on aluminum as the metal for the gate electrode. Later on, the advent
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of ion implantation and the use of polysilicon (heavily doped polycrystalline silicon) as
gate material made self-aligned n-channel (nMOS) transistors feasible [5]. In a 1963
paper presented at the IEEE International Solid-State Circuits Conference, C. T. Sah and
Frank Wanlass showed that p-channel and n-channel MOS transistors could be inte-
grated onto a single integrated circuit or “chip” forming a circuit configuration with
complementary symmetry [6]. This technology had the great advantage of drawing
close to zero power in standby mode. It was initially called COS-MOS (complementary
symmetry metal-oxide-semiconductor) and has since been universally adopted by the
semiconductor industry under the name complementary metal-oxide-semiconductor
(CMOS).

Another great advantage of MOS transistors is that they, unlike bipolar transistors,
have a planar, basically two-dimensional structure. MOS transistors occupy only a small
portion of the volume of a silicon wafer on which they are manufactured. The devices are
located at the top surface of the wafer and extend into the wafer to a depth of only a
fraction of a micrometer. As a consequence, the MOSFET is scalable, and scaled it has
been for the last 50 years, giving rise to the microelectronics revolution at the end of the
twentieth century and through to the beginning of the twenty-first.

Moore’s law

The MOSFET is the workhorse of the electronics industry. It is the building block of
every microprocessor, every memory chip, and every telecommunications circuit. A
modern microprocessor contains several billion MOSFETs and a 256 gigabyte micro
secure digital (SD) memory card weighing less than a gram contains a staggering
1,000,000,000,000 or 10'? transistors, assuming 2 bits stored per transistor. This number
is larger than the number of stars in our galaxy, as there is an estimated 200—400 billion
stars in the Milky Way. Although it can be used for other purposes, the MOSFET is
mainly used as a switch in logic circuits and a charge-storage device in memory chips.
Each day the semiconductor industry produces more MOSFETs than the number of
grains of rice that have been harvested by mankind since the dawn of time. That number,
astronomical as it is, is dwarfed by the rate at which transistors are increasingly packed
on a chip. The exponential growth of chip complexity and number of transistors per chip
is known as Moore’s law.

In 1965, Gordon Moore published what was to become a classic paper in which he
predicted that the density of transistors on a chip would double every 18 months [7]. This
prediction was based on data spanning only a few technology generations produced
during the period from 1959 to 1965, during which the number of transistors per chip
increased from a single transistor to less than a hundred transistors. Extrapolating from
the available data, Gordon Moore predicted that there would be 64,000 transistors per
chip in 1975, ten years after the publication of the article. Even though completely an
empirical observation, Moore’s law has proven to be remarkably accurate, not only until
1975 but continues at present and covers a period of over 50 years. Whether plotted in
terms of transistors per chip or transistors per square millimeter (Figs. 1.1 and 1.2), the



