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“This book takes readers from the basic concepts of quantum transport theory to the quantitative 
applications of graphene nanoribbon field-effect transistors (GNRFETs), to SPICE-compatible 
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technology and state-of-the-art electronic device modeling and simulations. This book bridges 
the gap by presenting cutting-edge research in the computational analysis and mathematical 
modeling of graphene nanostructures as well as the recent progress on graphene transistors for 
nanoscale circuits. It inspires and educates fellow circuit designers and students in the field of 
emerging low-power and high-performance circuit designs based on graphene. While most of 
the books focus on the synthesis, fabrication, and characterization of graphene, this book shines 
a light on graphene models and their circuit simulations and applications in photonics. It will 
serve as a textbook for graduate-level courses in nanoscale electronics and photonics design 
and appeal to anyone involved in electrical engineering, applied physics, materials science, or 
nanotechnology research. 
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Over the past few decades, there have been tremendous innovations 
in electronics and photonics. Integrated circuits are everywhere and 
an indispensable part of our life, ranging from portable electronics 
to telecommunications and transportation. It is estimated that more 
than 1 trillion semiconductor devices shipped for the first time in 
2016 with a rising demand due to new application areas such as 
the Internet of things, wearable electronics, and robotics. According 
to the Semiconductor Industry Association, the semiconductor 
industry is responsible for the direct employment of roughly a 
quarter of a million and indirectly supports another 1 million jobs 
only in the United States.
 The development of ultra-fast-growing technologies mostly 
relies on fundamental understanding of novel materials with unique 
properties as well as new designs of device architectures with more 
diverse and better functionalities. In this regard, the promising 
approach for next-generation nanoscale electronics and photonics is 
to exploit the extraordinary characteristics of novel nanomaterials. 
The discovery of graphene, one atomic layer of carbon sheet, in 
2004 has prompted research into its potential in developing future 
electronic and photonic devices owing to its exceptional electronic, 
photonic, and mechanical properties.
 The driving engine for the exponential growth of digital 
information processing systems is scaling down the transistor 
dimensions. For decades, this has enhanced the device performance 
and density. However, the International Technology Roadmap for 
Semiconductors (ITRS) states the end of Moore’s law in the next 
decade due to the scaling challenges of silicon-based complementary 
metal-oxide semiconductor (CMOS) electronics, e.g., extremely 
high power density. A large group of emerging materials and 
devices is being extensively studied to replace silicon due to its 
scaling limit in sight. Germanium has been substituted by silicon 
roughly half a century ago by moving up on group IV of the periodic 
table. Interestingly, moving up one more block, we reach carbon, 
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which has been widely tipped as a substitute for next-generation 
electronics due to its impressive crystal structures, or allotropes. 
Among carbon allotropes, graphene could be the candidate of future 
technology as the end of Moore’s law approaches. The fabrication 
technology of graphene is still in the early stages, and engineers 
need to devise methods for mass production of large, uniform sheets 
of pure, single-planed graphene, etc. As such, transistor simulation 
and modeling have been playing an important role for evaluating 
futuristic graphene-based devices and circuits. In search of non-
classical devices and related technologies, graphene-based field-
effect transistors are being explored extensively for integrated 
circuit design. The transistors in integrated circuits are approaching 
atomic scales. This will soon result in the creation of a growing 
knowledge gap between the underlying technology and state-of-the-
art electronic device modeling and simulations. To bridge this gap, 
the book provides the computational analysis and mathematical 
circuit model of a novel transistor with an alternative graphene 
channel. 
 Computational analysis plays a vital role in optimizing the 
transistor structure, and the device models allow designers to 
input custom design parameters for evaluating the performance of 
graphene circuits as a promising very large scale integration (VLSI) 
technology. The primary aim of the book is to inspire and to educate 
fellow circuit designer and students into the field of emerging 
low-power and high-performance design based on graphene. 
As such, the first eight chapters of the book are dedicated to the 
electronic application of graphene, presenting both computational 
and analytical models of graphene-based transistors derived from 
the fundamental understanding of the material properties. For the 
computational model, a graphene nanoribbon field-effect transistor 
(GNRFET) has been simulated by solving a quantum transport 
model based on a self-consistent solution to the three-dimensional 
(3D) Poisson equation and 1D Schrödinger equations within the 
non-equilibrium Green’s function (NEGF) formalism. The quantum 
transport model fully treats short-channel-length electrostatic 
effects and the quantum tunneling effects, leading to the technology 
exploration of GNRFETs for the future. A comprehensive study 
of static metrics and switching attributes of GNRFET has been 
presented, including the performance dependence of device 
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characteristics to the GNR width and the scaling of its channel 
length down to 2.5 nm. In addition, a physics-based circuit model 
of GNRFET is presented to be used for integrated circuit design, 
followed by investigating the effect of edge roughness on the device 
performance. The accuracy of our developed analytical model has 
been validated against the device-level atomistic computational 
model for ideal-edge and rough-edge GNRFETs. The model is also 
used to study the effect of edge roughness on the power and delay 
performance of GNRFETs by simulating several graphene-based 
circuits, including energy recovery logic circuit design. Chapters 2 
to 7 provide circuit designers with the recent progress on graphene 
transistors for nanoscale circuits.
 Graphene has been extensively investigated as a promising 
material for various types of high-performance sensors due to its 
large surface-to-volume ratio, remarkably high carrier mobility, high 
carrier density, high thermal conductivity, extremely high mechanical 
strength, and high signal-to-noise ratio. The power density and 
the corresponding die temperature can be tremendously high in 
scaled emerging technology designs, urging the on-chip sensing 
and controlling of the generated heat in nanometer dimensions. 
Graphene is also a promising material for energy conversion and 
storage due to its maximum possible surface-to-bulk ratio along 
with its exceptional electrical and thermal transports. Graphene can 
be used for power generation in various applications such as energy 
harvesting in automotives and integrated circuits, as well as efficient 
thermal-to-electrical energy conversion in wearable electronics. 
Graphene is biologically non-invasive, light, flexible, transparent, 
and mechanically strong, which can convert the generated body heat 
into an electric current for smart-clothing technology. In Chapter 
8, we examine the feasibility of GNRs as temperature sensors and 
thermoelectric materials. This chapter provides sensor designers 
with important examples of graphene feasibility for on-chip 
temperature sensing applications.
 There has also been an explosion of interest in graphene for 
photonic applications as it provides a degree of freedom to manipu-
late electromagnetic waves. Graphene is a zero-bandgap semimetal 
that attracted significant attention due to its strong interaction with  
photons in a wide energy range from microwave to ultraviolet, as 
well as its high carrier mobility for high-speed applications in a 
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broad wavelength range. The propagation of these waves can be 
actively controlled by varying the chemical potential in graphene, 
which can be tuned by chemical doping, voltage bias, external mag-
netic field, or optical excitation. The absorption coefficient of gra-
phene exceeds 5 × 107 m−1 in the visible range if it is normalized to 
its atomic thickness, which is more than 10 times larger than those 
in gallium arsenide and silicon. As such, the interaction with light 
can be further enhanced using graphene multilayers for practical 
device applications. The last two chapters are dedicated to photonic 
applications of graphene. We present an aperiodic multilayer struc-
ture composed of multiple layers of graphene and hexagonal boron 
nitride (h-BN) as a selective, tunable, and switchable thermal emit-
ter. Using a genetic optimization algorithm and a transfer matrix 
code, the layer thicknesses and materials of the aperiodic multilayer 
structure are optimized to maximize the absorptance/emittance for 
normal light incidence at a single wavelength.
 This book can serve as a textbook for graduate-level course in 
nanoscale electronics and photonics design. The book can be used by 
students in electrical and electronics engineering, applied physics, 
and materials science with a focus on next-generation reduced-
dimension materials such as graphene and GNRs. While most of the 
books focus on either synthesis, fabrication, and characterization or 
theoretical concepts of graphene, this book shines a light on graphene 
models and their circuit simulations for the promising applications 
of graphene in electronics and photonics. This provides a foundation 
to examine graphene applications in electronics, photonics, and 
sensor designs. The material covered in the book will be very useful 
for graduate students carrying out research on graphene-based 
nanostructures for electronics, photonics, and sensing applications. 
The book provides a quick review of the fundamental properties 
and applications of graphene for graduate students to explore how 
the presented models, designs, and nanostructures can be extended 
for their thesis and dissertation research. It includes the integration 
of graphene with sub-nanometer CMOS technology nodes, high-
frequency and high-speed electronics, computational and analytical 
modeling of GNRFETs, design of electrically controllable photonic 
detectors, sensor electronics, and circuits, and numerous other 
applications. The content in this book forms the basis to understand 
the unique nanostructures composed of graphene, which will be very 



xiiiPreface

useful for practicing engineers in the field of electronics device design 
and technology, solid-state physics and semiconductors, nanoscience 
and nanotechnology, and nanophotonic and nanoelectronic devices 
and circuits.
 The authors would like to thank our advisors Dr. Ashok 
Srivastava, Dr. Jonathan P. Dowling, and Dr. Georgios Veronis for 
their comments and sharing immense knowledge. Without their 
insight and contributions, portions of this book may not have been 
possible. This book is dedicated to our kids, Persia and Parmida, for 
their emotional support and patience during the writing of the book. 
They are just about the best children a parent could hope for: happy, 
loving, and fun to be with. The book would have not been complete 
without the encouragement and support of our families.

Yaser M. Banadaki

Safura Sharifi
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