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Understand the fundamental concepts, theoretical background, major experimental

observations, and device applications of graphene photonics with this self-contained

text. Systematically and rigorously developing each concept and theoretical model from

the ground up, it guides readers through the major topics, from basic properties and band

structure to electronic, optical, optoelectronic, and nonlinear optical properties, and

plasmonics and photonic devices. The connections between theory, modeling, experi-

ment, and device concepts are demonstrated throughout, and every optical process is

analyzed through formal electromagnetic analysis.

Suitable for both self-study and a one-semester or one-quarter course, this is the ideal

text for graduate students and researchers in photonics, optoelectronics, nanoscience and

nanotechnology, and optical and solid-state physics, working in this rapidly developing

field.

Jia-Ming Liu is Distinguished Professor of Electrical and Computer Engineering, and

Associate Dean of the Henry Samueli School of Engineering and Applied Science, at the

University of California, Los Angeles. He is the author of Principles of Photonics

(Cambridge University Press, 2016), and Photonic Devices (Cambridge University

Press, 2005), and a fellow of the Optical Society of America, the American Physical

Society, the IEEE, and the Guggenheim Foundation.

I-Tan Lin is a hardware engineer at Intel, and his current research interests include

graphene-based optoelectronics, terahertz frequency devices, and plasmonics.

www.cambridge.org/9781108476683
www.cambridge.org


Cambridge University Press
978-1-108-47668-3 — Graphene Photonics
Jia-Ming Liu , I-Tan Lin 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

www.cambridge.org/9781108476683
www.cambridge.org


Cambridge University Press
978-1-108-47668-3 — Graphene Photonics
Jia-Ming Liu , I-Tan Lin 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

Graphene Photonics

J IA -M ING L IU

University of California, Los Angeles

I - TAN L IN

Intel

www.cambridge.org/9781108476683
www.cambridge.org


Cambridge University Press
978-1-108-47668-3 — Graphene Photonics
Jia-Ming Liu , I-Tan Lin 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

University Printing House, Cambridge CB2 8BS, United Kingdom

One Liberty Plaza, 20th Floor, New York, NY 10006, USA

477 Williamstown Road, Port Melbourne, VIC 3207, Australia

314–321, 3rd Floor, Plot 3, Splendor Forum, Jasola District Centre, New Delhi – 110025, India

79 Anson Road, #06–04/06, Singapore 079906

Cambridge University Press is part of the University of Cambridge.

It furthers the University’s mission by disseminating knowledge in the pursuit of

education, learning, and research at the highest international levels of excellence.

www.cambridge.org

Information on this title: www.cambridge.org/9781108476683

DOI: 10.1017/9781108656870

© Cambridge University Press 2019

This publication is in copyright. Subject to statutory exception

and to the provisions of relevant collective licensing agreements,

no reproduction of any part may take place without the written

permission of Cambridge University Press.

First published 2019

Printed in United Kingdom by TJ International Ltd. Padstow Cornwall

A catalogue record for this publication is available from the British Library.

Library of Congress Cataloging-in-Publication Data

Names: Liu, Jia-Ming, 1953– author. | Lin, I-Tan, 1983– author.

Title: Graphene photonics / Jia-Ming Liu (University of California, Los Angeles), I-Tan

Lin (Intel, California).

Description: Cambridge : Cambridge University Press, 2018. | Includes bibliographical

references and index.

Identifiers: LCCN 2018023253 | ISBN 9781108476683 (alk. paper)

Subjects: LCSH: Photonics. | Graphene. | Nanostructured materials – Optical properties.

Classification: LCC TA1530 .L58 2018 | DDC 621.36/5–dc23

LC record available at https://lccn.loc.gov/2018023253

ISBN 978-1-108-47668-3 Hardback

Cambridge University Press has no responsibility for the persistence or accuracy of

URLs for external or third-party internet websites referred to in this publication

and does not guarantee that any content on such websites is, or will remain,

accurate or appropriate.

www.cambridge.org/9781108476683
www.cambridge.org


Cambridge University Press
978-1-108-47668-3 — Graphene Photonics
Jia-Ming Liu , I-Tan Lin 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

To our families

www.cambridge.org/9781108476683
www.cambridge.org


Cambridge University Press
978-1-108-47668-3 — Graphene Photonics
Jia-Ming Liu , I-Tan Lin 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

www.cambridge.org/9781108476683
www.cambridge.org


Cambridge University Press
978-1-108-47668-3 — Graphene Photonics
Jia-Ming Liu , I-Tan Lin 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

Contents

Preface page ix

1 Basic Properties and Band Structure 1

1.1 Graphene Band Structure 1

1.2 Density of States and Carrier Concentration 10

1.3 Fermi Energy, Chemical Potential, and Fermi Level 11

1.4 Temperature Dependence of Carrier Concentration 13

1.5 Carrier Velocity and Effective Mass 14

1.6 Band Structure of Multilayer Graphene 15

References 25

2 Electronic Properties 27

2.1 Current and Conductivity of a Two-Dimensional Material 27

2.2 Boltzmann Transport Equation 30

2.3 Scattering of Carriers 33

2.4 Surface Resistivity and Mobility 51

2.5 Transport Experiments 54

2.6 Multilayer Graphene 61

References 64

3 Optical Properties 66

3.1 Optical Fields 66

3.2 Susceptibility and Permittivity of a Two-Dimensional Material 70

3.3 Optical Transitions in Graphene 76

3.4 Hamiltonian of Graphene in an Electromagnetic Field 79

3.5 Optical Conductivity of Monolayer Graphene 80

3.6 Optical Conductivity of Multilayer Graphene 91

3.7 Permittivity of Monolayer and Multilayer Graphene 98

3.8 Absorbance of Monolayer and Multilayer Graphene 101

References 106

www.cambridge.org/9781108476683
www.cambridge.org


Cambridge University Press
978-1-108-47668-3 — Graphene Photonics
Jia-Ming Liu , I-Tan Lin 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

4 Optoelectronic Properties 107

4.1 Dispersion in Frequency and Momentum 107

4.2 Drude Model 108

4.3 Polarizability Function 111

4.4 Random-Phase Approximation 120

4.5 Polarizability Function of Bilayer Graphene 141

References 144

5 Nonlinear Optical Properties 145

5.1 Nonlinear Susceptibility and Nonlinear Conductivity 145

5.2 Semiclassical Approach for Intraband Transitions 152

5.3 Bistability 157

5.4 Quantum Mechanical Approach for Interband Transitions 158

5.5 Second-Order Optical Nonlinearity 162

5.6 Third-Order Optical Nonlinearity 164

5.7 Experiments on Nonlinear Optical Properties 175

References 176

6 Plasmonics 178

6.1 Plasmons, Surface Plasmons, and Surface Plasmon Polaritons 178

6.2 Graphene Surface Excitations 185

6.3 Surface Plasmons of Two Graphene Sheets 204

6.4 Excitation and Detection of Graphene SPPs and SPs 209

References 214

7 Photonic Devices 216

7.1 Plasmonic Waveguides 216

7.2 Photodetectors 220

7.3 Optical Modulators 230

7.4 Terahertz Modulators 235

7.5 Saturable Absorber 244

References 248

Index 251

viii Contents

www.cambridge.org/9781108476683
www.cambridge.org


Cambridge University Press
978-1-108-47668-3 — Graphene Photonics
Jia-Ming Liu , I-Tan Lin 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

Preface

Graphene is a single-layer crystal of carbon. It has unique electronic and photonic

properties, as well as unusual mechanical and thermal properties. As the thinnest two-

dimensional material, graphene has a nanostructure that can be integrated with various

devices and systems, offering the opportunity to transform devices and systems in many

areas. Intensive research on graphene started only after it was first isolated in 2004. Since

then, graphene has become one of the most studied materials. It has opened upmany new

fields of scientific research and technological development, which continue to expand

rapidly today. Research and development in these young fields promise to revolutionize

electronics and photonics technologies in addition to creating new graphene-based

technologies.

Graphene has a unique hexagonal crystal structure of two carbon atoms per unit cell.

Intrinsic graphene is a semiconductor of zero bandgap, with its charged carriers behav-

ing like Dirac fermions of zero mass, resulting in many extraordinary properties that are

very different from those of other materials. Such properties can be controllably

modified by proper impurity doping or by electrical or optical modulation, making

graphene extremely attractive for novel device applications. The salient electronic and

photonic properties of graphene, together with its unique nanostructure, offer innovative

opportunities for many potentially revolutionary applications in high-speed/high-

frequency electronic and photonic devices, terahertz oscillators and sensors, and ultra-

fast nonlinear optical elements.

This book aims to systematically cover the subject of graphene photonics in an

organized and comprehensive manner by guiding the reader through fundamental

concepts, the theoretical framework, existing experimental observations, and many

demonstrated device applications. As such, it starts by describing the basic properties,

band structure, and electronic properties of graphene in the first two chapters to lay the

necessary foundation for discussions on the optical properties, optoelectronic properties,

and nonlinear optical properties of graphene in the following three chapters. Because

graphene is a truly two-dimensional system that can serve as a conductor at frequencies

up to the terahertz region, it naturally has unique plasmonic properties. Discussions on

plasmonics based on graphene are given in a following chapter. The final chapter gives

an overview of the graphene-based photonic devices that have been developed or

proposed to date.

The development of each concept and theoretical model is thorough and rigorous.

Nonetheless, the approach is systematic and often pedagogical for the reader to easily
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follow. The theoretical models of the various properties are described and developed

through rigorous quantum mechanical formulations and calculations, usually through

both semiclassical and full quantum mechanical approaches. Every optical process is

analyzed through formal electromagnetic analysis. Detailed figures are used to illustrate

the concepts, theoretical results, and experimental measurements. As such, this book is

useful to both researchers and students. The required background for a good under-

standing of this book includes basic concepts of solid-state physics, a solid foundation of

quantum mechanics, a firm grounding in electromagnetic wave and fields, and a basic

knowledge of physical optics.

This book is primarily aimed at researchers, technologists, and graduate students in

the fields of photonics, electronics, nanoscience, nanotechnology, optical physics, solid-

state physics, and materials science. It can be used as a reference or a guide to facilitate

self-study for these readers. This book is also useful as a textbook for a one-semester or

one-quarter graduate course on the specific topic of graphene photonics because it is

written such that the concepts are systematically developed from the ground up and it is

self-contained. A course utilizing this text would ideally be targeted toward beginning

graduate students who have the required background knowledge as described above,

though advanced undergraduate students with the required background could also

attend.

This book was developed through our research on graphene photonics over the past 12

years. We would especially like to express our gratitude to Kuang-HsiungWu and Chih-

Wei Luo of National Chiao-Tung University for their friendship and efforts in our

collaborative research on graphene photonics. We would like to thank our editor, Julie

Lancashire, for her help in the publication of this book.We would also like to thank Vida

Liu for creating an original oil painting for the cover art.
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