





Nanoplasmonics
Edited by Carlos J. Bueno-Alejo

Published in London, United Kingdom




C
o
Q.
@)
L
&)
o
)
£

e ._.{Jv e
gﬁ«u&

S







Nanoplasmonics
http:/dx.doi.org/10.5772/intechopen. 77489
Edited by Carlos J. Bueno-Alejo

Contributors

Karlo Queiroz Costa, Gleida Sousa, Paulo Amaral, Janilson Souza, Tiago Garcia, Pitther Santos, Justus
Ndukaife, Chuchuan Hong, Sen Yang, Sivashankar Krishnamoorthy, Rishabh Rastogi, Saulius Juodkazis,
Pierre Michel Adam, Matteo Beggiato, Yu Liu, Junxiong Guo, Jianfeng Jiang, Wenijie Chen, Linyuan
Zhao, Weijun Chen, Renrong Liang, Jun Xu, Boris I. Lembrikov, David Ianetz, Yossef Ben-Ezra, De-Yin
Wu, Rajkumar Devasenathipathy, Zhong-Qun Tian, Tao Dong, Yue Xu, Jingwen He, Godfrey Gumbs, Shiva
Hayati Raad, zahra atlasbaf, Mauro Alberto Cuevas, Hassan Kaatuzian, Hamed Ghodsi

© The Editor(s) and the Author(s) 2020

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988 . All rights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen. com).

Violations are liable to prosecution under the governing Copyright Law.

[@)er |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If so indicated, certain images may not be included under the Creative Commons
license. In such cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www . intechopen.com/copyright-policy. html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2020 by IntechOpen

IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 7th floor, 10 Lower Thames Street, London,

EC3R 6AF, United Kingdom

Printed in Croatia

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

Additional hard and PDF copies can be obtained from orders@intechopen.com

Nanoplasmonics

Edited by Carlos J. Bueno-Alejo
p.cm.

Print ISBN 978-1-78985-833-4
Online ISBN 978-1-78985-834-1
eBook (PDF) ISBN 978-1-78985-112-0



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

48®®+ 122,000+ 135M+

ailable International authors and editor: Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editor

Carlos J. Bueno-Alejo graduated in Chemistry in 2003 at the
University of Cadiz. After that he went to Yale University as an
exchange research student until 2005, where he worked in the
group of Professor Juan Fernandez De la Mora. He then moved
to Valencia (Spain) where he received a PhD in Organic Phar-
maceutical Chemistry in 2009 at the Polytechnic University of
Valencia under the supervision of professors M.A. Miranda and
M.C. Jimenez. Subsequently, he worked as a postdoctoral fellow at several locations
like the group of Professor Juan C. Scaiano at the University of Ottawa and the
group of Professor Silvia Costa at the Centro de Quimica Estructural in Instituto
Técnico de Lisboa. In 2014 he began working with the group of Professor Jesus San-
tamaria at the University of Zaragoza.







Contents

Preface

Chapter1

Wireless Optical Nanolinks with Yagi-Uda and Dipoles

Plasmonic Nanoantennas

by Karlo Queiroz da Costa, Gleida Tayanna Conde de Sousa,

Paulo Rodrigues Amaral, Janilson Ledo Souza, Tiago Dos Santos Garcia
and Pitther Negrdo dos Santos

Chapter2
Plasmonic Nanoantenna Array Design
by Tao Dong, Yue Xu and Jingwen He

Chapter 3

Scattering from Multilayered Graphene-Based Cylindrical and
Spherical Particles

by Shiva Hayati Raad, Zahva Atlasbaf and Mauro Cuevas

Chapter 4
Nanoscale Plasmon Sources: Physical Principles and Novel Structures
by Hamed Ghodsi and Hassan Kaatuzian

Chapter 5

Simple Preparations for Plasmon-Enhanced Photodetectors

by Yu Liu, Junxiong Guo, Jianfeng Jiang, Wenjie Chen, Linyuan Zhao,
Weijun Chen, Renrong Liang and Jun Xu

Chapter 6
Nanomanipulation with Designer Thermoplasmonic Metasurface
by Chuchuan Hong, Sen Yang and Justus Chukwunonso Ndukaife

Chapter?7

Nanoplasmonic Arrays with High Spatial Resolutions, Quality, and
Throughput for Quantitative Detection of Molecular Analytes

by Rishabh Rastogi, Matteo Beggiato, Pierre Michel Adam,

Saulius Juodkazis and Sivashankar Krishnamoorthy

Chapter 8

Stimulated Scattering of Surface Plasmon Polaritons in a Plasmonic
Waveguide with a Smectic A Liquid Crystalline Core

by Boris I. Lembrikov, David Ianetz and Yossef Ben Ezra

XIII

15

35

59

81

97

113

135



Chapter 9 157
Surface Plasmon Enhanced Chemical Reactions on Metal Nanostructures
by Rajkumar Devasenathipathy, De-Yin Wu and Zhong-Qun Tian

Chapter 10 179
Thermal Collective Excitations in Novel Two-Dimensional

Dirac-Cone Materials

by Andrii Iurov, Godfrey Gumbs and Danhong Huang

XII



Preface

Materials properties depend to a large extent on their size. Especially relevant is the
change in behavior when materials reach the nanoscale since a whole new world is
accessed. In the past few years, scientists around the world have studied and used
these particular properties in many applications, from sensors to new catalytic
materials. In particular, the change of optical properties in the nanoscale has
attracted the interest of the scientific community. Among these optical properties,
one raising special attention these days is localized surface plasmon resonance.
This property of certain nanomaterials has been defined and described in this
book by excellent authors who have contributed their own experience and views

to shed light on this important concept. Navigating through the different chapters,
readers will find theoretical and practical works on different syntheses and
applications of plasmonic nanostructures from nanoantennas to photodetectors,
among other interesting topics. Many articles and books have been written dealing
with the optical properties of nanomaterials, but since this field is growing very
fast, we thought it would be of interest to write a book specifically dealing with
nanoplasmonics. As a scientist, it has been a wonderful experience to participate in
this book. It has given me the opportunity to interact with colleagues in a different
and enriching way and I hope readers can be part of that experience.

I would like to acknowledge all my colleagues over the years for giving me the
opportunity to learn from them. Also, I would like to thank the staff at IntechOpen
for giving me the opportunity to edit this book, and in particular to Anja Filipovic,
Katarina Pausic, and Marijana Francetic for their patience with me during the
editing process.

CarlosJ. Bueno-Alejo

Department of Chemical and Environmental Engineering
(IQTMA) and Institute of Nanoscience of Aragon (INA),
University of Zaragoza,

Spain






Chapter 1

Wireless Optical Nanolinks with
Yagi-Uda and Dipoles Plasmonic
Nanoantennas

Karlo Queiroz da Costa, Gleida Tayanna Conde de Sousa,
Paulo Rodrigues Amaral, Janilson Ledo Souza,
Tiago Dos Santos Garcia and Pitther Negrdo dos Santos

Abstract

In this work, we present a theoretical analysis of wireless optical nanolinks
formed by plasmonic nanoantennas, where the antennas considered are Yagi-Uda
and cylindrical nanodipoles made of Au. The numerical analysis is performed by the
finite element method and linear method of moments, where the transmission
power and the near electric field are investigated and optimized for three nanolinks:
Yagi-Uda/Yagi-Uda, Yagi-Uda/dipole and dipole/dipole. The results show that all
these case can operate with good transmission power at different frequencies by
adjusting the impedance matching in the transmitting antennas and the load
impedance of the receiving antennas.

Keywords: nanoplasmonic, nanoantennas, wireless optical nanolink,
power transmission

1. Introduction

The electromagnetic scattering of metals in optical frequency region possesses
special characteristics. At these frequencies, there are electron oscillations in the
metal called plasmons with distinct resonant frequencies, which produce strongly
enhanced near fields at the metal surface. This effect can be analyzed using
Lorentz-Drude model of the complex dielectric constant. The science of the elec-
tromagnetic optical response of metal nanostructures is known as plasmonics or
nanoplasmonics [1, 2].

One subarea of nanoplasmonics is the field of optical nanoantennas, which are
metal nanostructures used to transmit or receive optical fields [3-5]. This definition
is similar to that of conventional radio frequency (RF) and microwave antennas.
The main difference between these two regimes (RF-microwave and optical) is due
to physical properties of the metals at optical frequencies where they cannot be
considered as perfect conductors because of the plasmonic effects [2]. Comprehen-
sive reviews on optical antennas have been presented in [6-11]. In these works, the
authors described recent developments in calculation of such antennas, their appli-
cations and challenges in their design. In Figure 1, we present some examples of
fabricated nanoantennas.

1 IntechOpen
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Figure 1.

(a) Scanning electron micrographs of various optical nanoantennas. (b) Application example of Yagi-Uda
nanoantennas in wireless optical nanolink, where the nanoantennas perform transduction between electrical
current and optical radiation [5].

Optical nanoantennas have received great interest in recent years in the scien-
tific community due to their ability to amplify and confine optical fields beyond the
light diffraction limit [6]. With this characteristic, it is possible to apply in several
areas, such as nanophotonics, biology, chemistry, computer science, optics and
engineering, among others [6, 7, 12]. In addition, these studies were expanded due
to the development of computational numerical methods and innovations in
nanofabrication techniques, such as electron beam lithography, colloidal
lithography and ion beam lithography [9].

Optical wireless nanolinks with nanoantennas can be used to efficiently commu-
nicate between devices, significantly reducing the losses that occur in wired commu-
nication. Nanolinks with different geometries of nanoantennas were investigated in
the literature [13-17]. In [13] the authors propose a broadband nanolink formed by
dipole-loop antennas. The results showed that using this nanolink with dipole-loop
antennas instead of conventional dipoles, it is possible to increase the operating
bandwidth of the system to the range of 179.1-202.5 THz, which is within the optical
range of telecommunications. In [14], a wireless nanolink formed by dipole antennas
is compared to a wired nanolink formed by a waveguide, the study showed that the
wireless link may work better than a plasmon waveguide in sending optical signal in
nanoscale from one point to another, from a certain distance. In [15], a nanolink Yagi-
Uda chip directives are proposed, the results show that the use of directional antennas
increases the energy transfer (power ratio) and link efficiency, minimizing interfer-
ence with other parts of the circuit. In [16], it is presented another wireless nanolink
application formed by a transmitting nanoantenna Vivaldi and another receiver, to be
used in chip, with that nanolink a high gain and bandwidth covering the entire
spectrum of the C band of telecommunications. In [17], broadband nanolinks were
analyzed using horn and dipole type optical nanoantennas, where the horn antenna
had better performance, because better energy transfer at the nanolink and greater
bandwidth were obtained in relation to the dipole link. These studies used identical
transmitting and receiving antennas, and showed the feasibility of using wireless
communication in the nanophotonics.

In this work, we present a comparative analysis of nanolinks formed by equal
and different transmitting and receiving nanoantennas. The antennas used are
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Yagi-Uda and dipole. The numerical analysis is performed by the method of
moments (MoM) [18] and the finite element method (FEM) through the software
COMSOL Multiphysics [19]. In this analysis, the transmission power and the near
electric field are investigated for three nanolinks: Yagi-Uda/dipole, Yagi-Uda/
Yagi-Uda and dipole/dipole. This work is organized as follow: Section 1 is the
introduction, Section 2 presents the description of nanolinks, Section 3 presents the
numerical model used in the analysis, Section 4 contain the numerical results, and
Section 5 are the conclusions.

2. Description of nanolinks

In this work, three models of nanolinks are proposed and analyzed. The first is
a nanolink formed by dipole/dipole antennas (Figure 2, without reflector and
directors), the second by Yagi-Uda/dipole antennas (Figure 2) and the third by
Yagi-Uda/Yagi-Uda antennas (Figure 2, with the receiving antenna equal to the
transmitting antenna).

The geometry of the Yagi-Uda/dipole nanolink is presented in Figure 2, where a
voltage source Vy excites the left nanoantenna, which functions as a transmitter
(Yagi-Uda) and the right nanoantenna that acts as a receptor (dipole), connected to
load impedance Zc. The nanolink is located in the free space and is formed by
cylindrical conductors of gold. The complex permittivity of this material is
represented by the Lorentz-Drude model of Au [11]. The Yagi-Uda transmitting
nanoantenna is composed of a dipole, a reflector and three directors (Figure 1 left).
The dipole of the transmitter, located in the 2 = 0 plane along the x-axis and
centered at the origin, has total length 2%,r + d,r, radius a,7 and voltage gap d,7.
The reflector has £, length and a, radius. The directors have the same length %, and
radius a,. The parameters dj, and dj,, are the distances between reflector and
directors element to Yagi-Uda antenna, respectively (Figure 1 left). The receiver
antenna is a dipole (Figure 1 right), located in the 2 = 0 plane and displaced at a drg
relative to the dipole axis of the transmitting antenna, with total length 24, + dyg,
radius a,4g, gap length d,r and load Z connected to its gap.

Transmitter Receiver

Reflecior

Dipole » Dhpole
\ Directors
24 gy P
- L = iy
- s : =
2ay 2ay 2a,

] o
| i

-

'—

Figure 2.
Geometry of the nanolink composed by a Yagi-Uda antenna (transmitter) and a nanodipole (veceiver).
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3. Numerical model

In this section, we present the numerical methods used in the analysis of the
wireless optical nanolinks described in the last section. The methods used here are
MoM [18] and FEM [19].

3.1 Method of moments

The linear MoM presented here is based in the linear current approximation
with an equivalent surface impedance model of the cylindrical conductors, with
sinusoidal test and base functions [18]. The method will be explained for the
particular example of a single dipole radiating in a free space, composed by
plasmonic cylindrical elements made of gold.

Figure 3 shows the geometry of the original problem, the equivalent MoM and
circuit models of the nanodipole. In this figure, L is the length of the arms, 4 is the
nanodipole gap and 4 is the dipole radius. The total length of this antenna is
L, =2L +d. In present analysis, we do not take into account the capacitance
generated by the air gap (Cg,,) of the nanodipole. In this case, our input impedance
is equivalent to that Z, presented in [20] without Cyy,.

In the radiation problem of Figure 3, the gold material of the antenna is
represented by the Lorentz-Drude model for complex permittivity ea, = €06 au:

w3 s,
o —jTow @} —o?+jro’

1

ErAu = €0 —

where the parameters in this equation are as follows [1]: ., = 8,
wp1=13.8 x 101, T = 1.075 x 10™s™Y, wg = 2nc/ Ao, ¢ = 3 x 10° m/s, 4o = 450 nm,
Wy = 45 x 10571,y = 9 x 10s™", and w is the angular frequency in rad/s. Figure 4
presents the real and imaginary part of (1) versus wavelength (4). This figure also
shows the experimental data of [21]. We observe a good agreement between the
results of the Lorentz-Drude model of (1) and the experimental data for
A> 500 nm.

The losses in metal are described by the surface impedance Z;. This impedance
can be obtained approximately by considering cylindrical waveguide with the mode
TMo;. In this case, the surface impedance is given by [22].

Figure 3.
Geometry of nanodipole: original problem (left), MoM model (middle), and equivalent circuit model (right).
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Figure 4.
Complex permittivity of gold obtained by Loventz-Drude model of (1) and experimental data of Johnson-

Christy [21].
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being T' = ko /€, and ko = w,/fig€o. The boundary condition for the electric
field at the conductor surface is (Ex + E) -a; = ZI, where @ is a unitary vector
tangential to the surface of the metal, E; is the scattered electric field due to the
induced linear current I on the conductor, E; the incident electric field from the
voltage source (Figure 3), and I is the longitudinal current in a given point of the
nanodipole.

The integral equation for the scattered field along the length / of the nanodipole
is given by

T (= _i 217 ! ﬂ /
E ) = ors kOJIg(R)dl +J AL (3)
l

where g(R) = ¢ %R /4zR is the free space Green’s function, and R = | — 7| is the
distance between source and observation points. The numerical solution of the prob-
lem formulated by (1)-(3) is performed by linear MoM as follows. Firstly, we divide
the total length L, = 2 L + d in N = 2N,, + 2 straight segments, where N, is the number
of segments in L — 0.5d with the size AL = (L — 0.54)/N,, (white segments in
Figure 3), and two segments in the middle with the size AL = d (gray segments in
Figure 3). Later, the current in each segment is approximated by sinusoidal basis
functions. The expansion constants I,, are shown in Figure 3 where each constant
defines one triangular sinusoidal current. To calculate these constants, we use N — 1
rectangular pulse test functions with unitary amplitude and perform the conventional
testing procedure. As a result, the following linear system of equations is obtained:

N-1
V= Z,A, — sznln, m=123,..,N-1, (4)
n=1
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Figure 5.

Mesh of the problem of Figure 2 generated in COMSOL. (a) Nanolink mesh and its surroundings.
(b) Enlarged Yagi-Uda antenna mesh.

where Z,,, is the mutual impedance between sinusoidal current elements m
and n, Am = 1/2[AL,, + AL,, + 1], and V,, is non-zero only in the middle of the
antenna (m = N/2), where V/2 = V,. The solution of (4) gives the current along
the dipole and the input current I,. For V; = 1V, the input impedance is Z;, = 1/

I, = (R, + R) +jXi, = Riy + jX;, where R, R, R;,, and X, are the radiation
resistance, loss resistance, input resistance, and input reactance, respectively. The
total input power is calculated by P;, = 0.5Re(V,[[*) = 0.5(R., + R,) |IS|2 = 0.5R;,|
L|* = P, + P, P, is the radiated power, and P; the loss power dissipated at the
antenna’s surface which is calculated by

N-1
P, = 0.5Re(Z,) Z LA, (5)

n=1

The radiated power can be obtained by P, = P;, — Py, and the resistances
by R, = 2P,/|I,]> and Ry, = 2P, /|I,|*. The radiation efficiency is defined by ¢, = P,/
P, =P/(P, + P.) =R,/(R, + R.) = R,/R,,.

3.2 Finite element method

The nanolinks of Figure 3 were also analyzed numerically by FEM. Figure 5a
shows the mesh of the nanolink of Figure 2 modeled in the COMSOL, where the
antennas are in a spherical domain of air, with scattering absorbing condition
(PLM) applied at their ends. Figure 5b shows an enlarged image of the Yagi-Uda
nanoantenna mesh and its surroundings.

4. Numerical results
4.1 Isolated antennas in transmitting mode
In this section, the transmitting antennas Yagi-Uda and dipole (Figure 2 without

reflector and directors) are analyzed separately. For this analysis, the values of the
antennas parameters are those shown in Table 1, where with these values the main
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Variable hyr dar a h, hy har da, d drg
Values 220 20 15 700 250 220 20 100 5000
Table 1.

Nanolink parameters used in simulations. All pavameters ave in nanometer (nm).

- = = & with substrate (Comsol) —R'_ without subsirate (MoM)
1500 | =+=e=X  with subuirate (Comsol) seseerenes X without substrate (MoM)

R o R_ without substrate (Comenl)

x X, without substrate (Comsal )]

an

Input impedance, Z. (Ohm)

i
i
i
=500 i - - 1
| DR S
i § T
-1000 | \/ A 7 -
a I S{xl 'l i A i i
1040 150 20 250 300 350 400
Frequency, F (THz)
(a)
1500 T T T T - r
- - - H, with substrate {Comsol ) Rm without substrale (MoM)
i .'i'm with substrate (Comzol) .1'_ without substrate (MaoM)
1000 - r o R without substrate (Comsoly]

o .l"_ without substrate [t'mnsu}_i]

%
500 e 4

m

Input impedance, £ (Ohm)
=

100 150 200 250 300 350 4040
Frequency, F (THz)

(b)

Figure 6.
Input impedance (Z;,) of the transmitting antennas Yagi-Uda and dipole. (a) Yagi-Uda without substrate,

compared to MoM, and with SiO, substrate. (b) Dipole without substrate, compared to MoM, and with SiO,
substrate.

resonances are in the frequency range of 100-400 THz considered. The parameters
of the isolated dipole are based on [23] and those of the elements of the Yagi-Uda
antenna were chosen so that the reflecting element was larger than the dipole and
the smaller dipole directors. In Table 1, a = a, = a;r = a; = a;g and d = dj, = dj,.
Figure 6 shows the input impedance (Z;,) for the Yagi-Uda antennas
(Figure 6a) and dipole (Figure 6b). These input impedances were calculated by
FEM with the COMSOL software, and by a linear MoM applied to cylindrical
plasmonic nanoantennas [18], by coding the mathematical model in Matlab soft-
ware [24]. We observe a good agreement between these two methods.



Nanoplasmonics

Also, the input impedances of the antennas are calculated for two situations, the
first with the antennas in the free space (without substrate) and the second on a
SiO, substrate with a permittivity of 2.15.

Comparing the input impedance result between the Yagi-Uda and free-space
dipole antennas, it is noted that the first two resonant frequencies are close, which
shows that the directors and reflectors do not significantly affect the original reso-
nant frequencies of the isolated dipole. The main differences between these two
transmitting antennas are observed near the frequencies of 175 and 260 THz, which
correspond physically to the dipole resonances of the reflector and directors,
respectively. These resonances can be observed in the distributions of currents in
these frequencies, which are not shown here.

Figure 6 also shows the effect of the substrate in the input impedance and
resonant properties of the antennas. It is observed that by placing the antennas on
the substrate, their resonances are shifted to smaller frequencies in relation to the

20 ; - -
10 + P
R (] S e ™
= d ety e -
ux. -“\. F J !.‘ - " = L\-
w v 7 5 - o
e -10 R e
L o E ‘.’
g .
e ii
=20 - |=;
r
_____ I'
‘3": i 'l 'l 'l i
1 00 150 200 250 300 350 4040
Frequency, F (THz)
(a)
10 T T T T r
5 - 4
)
=
P
=
,H-T
af
25 ! M . .
(1] 150 200 250 300 350 4040
Frequency, F (THz)
(b)

Figure 7.
Directivity (D), gain (G), radiation efficiency (e,) and reflection coefficient (I') of antennas (a) Yagi-Uda and
(b) dipole.
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antennas in the free space. This effect of the substrate is similar to that observed in
antennas in the microwave regime [25].

Figure 7 shows the results of directivity (D) and gain (G), radiation efficiency
(e,) and reflection coefficient (I'), all in dB, versus frequency for the Yagi-Uda
antennas (Figure 7a) and dipole (Figure 7b). The directivity and gain are calcu-
lated in the + y direction (Figure 2). In Figure 7b it is observed the conventional
characteristic of the isolated dipole, where in a wide range of 150-300 THz one has
approximately D = 1.6, ¢, % 0.6 e G~ 1 (G = ¢,D). In the case of Yagi-Uda
(Figure 7a), there is a peak of D = 12, near F = 264 THz, but at this frequency the
radiation efficiency is minimal e, & 0.1, and the gain is (G = 0.86). However, if
greater gain and efficiency are desired rather than high directivity, the frequency
near F ~ 240 THz is more adequate, where the maximum gain is approximately
Gomax = 1.6. The reflection coefficient of both antennas was calculated considering a
transmission line with characteristic impedance of 50 Q connected to antennas.
With this result, it is observed that the best impedance matching for both antennas
occurs around the first resonant frequency, however the maximum radiation effi-
ciency occurs at higher frequencies.

Figure 8 shows the 3D far field gain radiation diagrams of the Yagi-Uda
and dipole antennas, calculated at the frequency of 240 THz. It is observed that the
maximum gain of the Yagi-Uda (G,,,,» = 1.6) is approximately 60% greater than
the maximum gain (G, ~ 1) of the dipole. For the case of the Yagi-Uda
antenna, the maximum gain occurs in the +y direction with a small lobe in
the —y direction.

4.2 Nanolinks analysis

In this section, we present the results obtained in the analysis of the dipole/
dipole nanolinks (Figure 2, without reflector and transmitter directors), Yagi-Uda/
dipole (Figure 2) and Yagi-Uda/Yagi-Uda (Figure 2, with the receiving antenna
equal to the transmitting antenna) for the frequency range of 100-400 THz. The
parameters used for the receiving antennas are same as those of the transmitting
antennas, with Z- = 50 and 1250 Q for each nanolink model.

Figure 9 shows the power transmission in dB (or power transfer function) for
the three nanolinks, calculated by the ratio between the power delivered to the Z¢
load and the power delivered by the source V; at the transmitting antenna terminals.
The results show that the Yagi-Uda/Yagi-Uda nanolink presents a small

0.9
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0.5 0.8
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0.3
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x
¥

{a) b
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Figure 8.
3D far-field gain radiation diagram of (a) dipole antenna, and (b) Yagi-Uda (b), both in F = 240 THz.
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Figure 9.

Power transmission versus frequency for the dipole/dipole nanolinks, Yagi-Uda/dipole and Yagi-Uda/Yagi-
Uda, for Z¢ = 50 (a), e 1250 Q (b).

improvement in power transmission, at some frequency points, in relation to the
dipole/dipole and Yagi-Uda/dipole nanolinks. In addition, it can be observed that
the links can operate with good transmission power at the frequency points 170 and
240 THz, for Z equal to 50 and 1250 Q, respectively, where the power transmission
are maximum.

Figure 10 shows the magnitude and phase of the electric near field, which is
defined by E = 20 log;o(|Re (E,)|), in the plane 2 = 25 nm, of the dipole/dipole
nanolinks (a, b), Yagi-Uda/dipole (c, d) and Yagi-Uda/Yagi-Uda (e, f). The receiver
antennas are positioned at a distance drg = 5 pm from the transmitting antennas,
with F = 170 THz and Z¢ = 50 Q for the fields of figures (a), (c) and (e), and with
F =240 THz and Z, = 1250 Q for the cases of figures (b), (d) and (f). In all types of
nanolinks shown in this figure, the radiated wave can be visualized by propagating
from the transmitting antennas to the receiving antennas, with the appropriated
wavelength. It is observed the amplitude decay of the electric field with the distance
and the decrease of the wavelength with the increase of the frequency.
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Figure 10.

Elgcl;ﬁc near field distribution of the magnitude and phase (E = 20 log,,(|Re (E,)|)), in the plane z = 25 nm, of
the dipole/dipole nanolinks (a, b), Yagi-Uda/dipole (c, d) and Yagi-Uda/Yagi-Uda (e, f). The receiver
antennas are positioned at 5 um from the transmitting antennas, with F = 170 THz and Z¢ = 50 8 for figures
(a), (c) and (e), and with F = 240 THz and Z¢ = 1250 Q for figures (b), (d) and (f).

5. Conclusions
It was presented in this work, a comparative analysis of nanolinks formed by

Yagi-Uda and dipole plasmonic nanoantennas, where was investigated the power
transmission for Yagi-Uda/Yagi-Uda, Yagi-Uda/dipole and dipole/dipole nanolinks
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types. These nanolinks were numerically analyzed by method of moments and
finite element method. The results show that the Yagi-Uda/Yagi-Uda nanolink pre-
sents a small improvement in power transmission, at some frequency points, in
relation to the other cases. In addition, the three links can operate with good power
transmit at different frequency points, varying the load impedance of the receiving
antenna, which is of great importance for future applications in nanoscale

wireless communication. In future work, we intend to feed these nanolinks by more
realistic sources, such as gaussian beams, to verify their influence on power
transmission results.
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Chapter2

Plasmonic Nanoantenna Array
Design

Tao Dong, Yue Xu and Jingwen He

Abstract

Recently, wireless optical communication system is developing toward the
chip level. Optical nanoantenna array in optical communication system is the
key component for radiating and receiving light. In this chapter, we propose a
sub-wavelength plasmonic nanoantenna with high gain operating at the standard
optical communication wavelength of 1550 nm. The designed plasmonic antenna
has a good matching with the silicon waveguide in a wide band, and light is fed from
the bottom of the nanoantenna via the silicon waveguide. Furthermore, we design
two kinds of antenna arrays with the proposed plasmonic nanoantenna, including
one- and two-dimensional arrays (1 x 8 and 8 x 8). The radiation characteristics of
the antenna arrays are investigated and both arrays have high gains and wide beam
steering range without grating lobes.

Keywords: plasmonic nanoantenna, localized surface plasmon, integrated optical
antenna arrays, integrated photonic devices, radiation characteristics

1. Introduction

In recent years, silicon-based integrated photonic devices have been develop-
ing rapidly. In particular, integrated optical antenna arrays have broad application
prospect in many fields, such as optical communication, light detection and ranging
(LiDAR), vehicle autonomous driving, security monitoring, and display advertising
[1-5]. Nanoantenna is a key part of the optical antenna array for converting guided
light and free space light with specific directivity. Based on the light interference
principle, beam steering is realized by controlling the phase of the light radiated
by each nanoantenna in the optical antenna array. In order to realize optical phase
control, the concept of optical phased array (OPA) is proposed [6-8]. In the field of
silicon-based photonics, OPA is a highly integrated on-chip system, which consists
of light division network, phase shifters, and optical antenna array [9-11]. In
optical communication, OPA is required to have high gain, narrow beam, and wide
steering range. However, at present, monolithic integrated OPAs suffer from low
gain, small beam steering range, and wide beam width, which are mainly due to the
low radiation efficiency of the nanoantenna, the large element spacing (the spacing
between adjacent antenna in the antenna array), and the limited scale of the optical
antenna array [12, 13].

The most commonly used silicon-based nanoantenna in the integrated opti-
cal antenna array is dielectric grating antenna. Generally, dielectric grating
antenna refers to the periodic micro/nanostructure etched on dielectric substrate.
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The existing dielectric grating antenna suffers from large footprint and bidirec-
tional radiation, which result in large element spacing and waste of radiation energy
of the optical nanoantenna array [14-18]. In a uniform antenna array, the element
spacing larger than the operating wavelength will lead to the appearance of grating
lobes in the radiation pattern of the antenna array, which will limit the steering
range of the optical nanoantenna array.

In order to obtain a miniaturized optical antenna with high radiation efficiency,
plasmonic nanoantenna is proposed [19-22]. Plasmonic nanoantenna is composed
of metal and dielectric. When electromagnetic wave impinges on the interface of
metal and dielectric, it will couple and oscillate with the surface electrons of the
metal, and surface plasmon polarization (SPP) is generated. When SPP is unable
to transmit along the interface and is confined, the SPP is called localized surface
plasmon (LSP). LSP can confine the electromagnetic wave into a space far less
than a wavelength. Based on the LSP resonance effect, electromagnetic wave will
be enhanced and radiated into free space by plasmonic antenna. Taking advantage
of this character, plasmonic nanoantennas can realize a tiny size [22]. However,
the traditional plasmonic nanoantennas [20, 22] are fed by plasmonic waveguides,
in which the impedance matching band is narrow and high loss is introduced. In
addition, the traditional plasmonic nanoantenna does not radiate light along the
direction perpendicular to the plane where the antenna is located, which also limits
the light steering range of the optical nanoantenna array [1, 2, 20, 22].

In this chapter, we propose a plasmonic nanoantenna with sub-wavelength foot-
print and high gain operating at the standard optical communication wavelength
of 1550 nm, i.e., 193.5 THz [23]. The proposed plasmonic nanoantenna consists
of asilver block and a silicon block, and its footprint is much smaller than that of
dielectric grating antenna. Unlike recent studies on the plasmonic nanoantennas, an
impedance matching between the proposed plasmonic nanoantenna and a silicon
waveguide is achieved in a wide band. Light is fed from the bottom of the plasmonic
nanoantennas by the silicon waveguide and is radiated vertically upward without
bidirectional radiation. This kind of bottom fed plasmonic nanoantenna is suit-
able for the expansion of the nanoantenna array. Based on the proposed plasmonic
nanoantenna, two plasmonic nanoantenna arrays including 1 x 8 and 8 x 8 arrays
are designed. The radiation characteristics of the plasmonic nanoantenna arrays are
simulated and discussed in detail.

2. Plasmonic nanoantenna
2.1 Radiation characteristics of the designed plasmonic nanoantenna

Figure 1 illustrates the schematic diagram of the proposed plasmonic nanoan-
tenna. The plasmonic nanoantenna is composed of silicon (Si) block, silver (Ag)
block, and a silicon waveguide with a silicon dioxide (SiO,) coating. As shown in
Figure 1, a silicon waveguide through the silver block is connected with the silicon
block for feeding light into the plasmonic nanoantenna. The lengths of the silicon
waveguide along the x- and y-axis are 450 nm and 220 nm respectively, which are
suitable for the light propagation with high efficiency. In each block, the length of
the edge along the x- and y-axis is defined as width and length. The width, length,
and height of the silicon block are represented by W;, Ly, and Hy;, respectively.
Similarly, the parameters W, L,, and H,q represent the width, length, and height of
the silver block, respectively. The geometric parameters of the nanoantenna are as
follows: W; = 625 nm, L; = 850 nm, Hg; = 300 nm, W, = 1100 nm, L, = 1100 nm, and
Hpg =200 nm.
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Figure 1.
The plasmonic nanoantenna in the (a) perspective, (b) overhead, (c) front, and (d) side views.

Some electromagnetic simulations for investigating the radiation characteristics
of the plasmonic nanoantenna are performed with the commercial software of CST-
Microwave Studio. For simulation, a beam of light with TE polarization (x-polar-
ization) is fed into the plasmonic nanoantenna via the silicon waveguide. At the
frequency of 193.5 THz, the relative dielectric constants of the materials of silicon
and silicon dioxide are 12.11 and 2.1, respectively. The relative dielectric constant of
silver is =129 + j3.28 at 193.5 THz [24]. Due to the small imaginary part and the large
real part, silver has a very low ohmic loss that makes it an ideal metal to generate LSP.

Figure 2 shows the simulated optical field distributions in the cross-
sections of the designed plasmonic nanoantenna at the frequency of 193.5 THz.
Figure 2(a) and (b) illustrates the optical fields in the x-0-y cross section and x-0-z
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Figure 2.

Simulated optical field in the (a) x-o-y cross-section and (b) x-0-z cross-section of the designed plasmonic
nanoantenna at 193.5 THz. Optical field vector distribution maps in the (c) x-0-y and (d) x-o-z cross-sections
of the nanoantenna at 193.5 THz.
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cross-section, respectively. Figure 2(a) represents the interface of the silicon and
silver blocks marked by a red dashed line in Figure 2(b). As shown in Figure 2(b),
the optical field changes periodically in the silicon waveguide and an optical
enhancement happens at the interface of the silicon and silver blocks. Such a field
distribution indicates that the light propagates along the silicon waveguide until

it reaches the junction of the silver and silicon blocks. Due to the introduction of
metallic material silver, SPPs are generated on the surface of the silver block and
localized surface plasma resonance (LSPR) occurs at 193.5 THz. The LSPR results in
the enhancement of the optical field and the radiation of the nanoantenna.

The optical vector distribution maps in the x-0-y and x-0-z cross-sections are
displayed in Figure 2(c) and (d), respectively. Figure 2(c) represents the interface
of the silicon and silver blocks marked by a red dashed line in Figure 2(b). As
shown in the areas marked by two red boxes in Figure 2(d), the optical vector fields
in the regions on both sides of the silicon block point up and down, respectively.
The optical vector fields in the opposite direction indicate that the phase difference
of the optical fields on both sides of the silicon block is 180°. Therefore, the optical
fields are superposed above the plasmonic nanoantenna.

Radiation characteristics of the plasmonic nanoantenna in Figure 1 including
far-field radiation pattern, gain, and return loss are analyzed by using electromag-
netic simulation. Figure 3 displays the far-field radiation pattern of the designed
plasmonic nanoantenna at 193.5 THz. The parameters 6 and ¢ represent the eleva-
tion and azimuth angles in free space, respectively. It is clearly seen that light is
radiated vertically. The plasmonic nanoantenna has a smooth main lobe without
bidirectional radiation. In order to observe clearly, the far-field radiation patterns
in two orthogonal planes of ¢ = 0° (x-0-g) and ¢ = 90° (y-0-g) at 193.5 THz are
extracted and displayed in Figure 4(a). The black and blue curves indicate the
far-field radiation pattern in the planes of ¢ = 0° and ¢ = 90°, respectively. The two
curves coincide at 6 = 0° indicating a vertical radiation with a gain of 8.45 dB. On
the two planes of ¢ = 0° and ¢ = 90°, the half-power beam widths (HPBWSs) of the
main lobe are 51.3° and 43.7°, respectively. The return loss of the designed plas-
monic nanoantenna is shown in Figure 4(b). It can be found that the return loss is
less than —10 dB in the frequency range from 176.7 to 248.5 THz, which means that
the designed plasmonic nanoantenna has a good matching with the silicon wave-
guide within a bandwidth of 71.8 THz.

Figure 3.
Far-field radiation pattern of the plasmonic nanoantenna at 193.5 THz.
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(a) Far field radiation patterns in the planes of ¢ = 0° and ¢ = 90° and (b) return loss of the designed
plasmonic nanoantenna at 193.5 THz.
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Figures.
Gain of the designed plasmonic nanoantenna at the frequency range of 177212 THz.

Gain is an important radiation characteristic of the optical antennas, which
represents the ability of an antenna to radiate optical power in a given direction.
Figure 5 shows the calculated gain of the designed plasmonic nanoantenna. It
is clearly seen that at the center frequency of 193.5 THz, the gain of the antenna
reaches its maximum value of 8.45 dB.

2.2 Parameter analysis of the plasmonic nanoantenna

In order to understand the impacts of the geometric parameters of the silicon
and silver blocks on the radiation characteristics of the plasmonic nanoantenna,
a series of electromagnetic simulations are performed and the simulation results
are analyzed in detail. We choose the plasmonic nanoantenna mentioned above
(W7 = 625 nm, L, = 850 nm, Hg; = 300 nm, W, = 1100 nm, L, = 1100 nm, and
Hag = 200 nm) as the simulation model.

Firstly, the influences of the width (W;) and length (L,) of the silicon block in
the plasmonic nanoantenna on the gain are analyzed, and the results are given in
Figure 6. Figure 6(a) shows the variation of the gain with the width of the silicon
block (W}) increasing from 545 to 705 nm. It can be found that the gain increases
first and decreases with the increase of W, and the gain reaches the maximum value
of 8.45 dB when W = 625 nm. It also proves that the width of 625 nm satisfies the
condition of electromagnetic resonance. Similarly, the variation of the gain with the
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The simulated gain of the plasmonic nanoantenna varies with (a) the width W, and (b) the length L, of the
silicon block at the frequency of 193.5 THz, respectively.
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The simulated gain of the plasmonic nanoantenna varies with (a) the width W,, and (b) the length L, of the
silver block at the frequency of 193.5 THz, respectively.

length of the silicon block (L;) increasing from 820 to 880 nm is studied, as shown in
Figure 6(b). It can be seen that the length of the silicon block (L;) has little effect on
the gain. Since the polarization state of the incident light is TE mode (the polarization
direction along to the x-axis), the electromagnetic resonance is determined by the
geometric dimension along the x-axis. Therefore, the influence of the width of the
silicon block on the gain is more obvious than that of the length of the silicon block.

Secondly, the influences of the width (W,) and length (L,) of the silver block
in the plasmonic nanoantenna structure on the gain are analyzed, and the results
are given in Figure 7. Figure 7(a) displays the variation of the gain with the width
of the silver block (W,) increasing from 700 to 1550 nm. The variation of the gain
with the length of the silver block (L;) increasing from 900 to 1300 nm is shown in
Figure 7(b). It is clearly seen that when W, is increased, the gain will increase first
and then decrease. The increase of the width of the silver block means the increase
of the antenna aperture, which will result in the increase of the gain. However, in
the proposed nanoantenna, the gain will decrease when W, and L, are larger than
1100 nm because of high absorption loss of metal in optical wavelength. The length
of the silver block has little effect on the gain, which depends on the polarization
state of the incident light.

Finally, the influences of the heights of the silicon block (Hg;) and silver block
(Hag) in the plasmonic nanoantenna structure on the gain are also analyzed, as
shown in Figure 8(a) and (b), respectively. When Hg; and H,, are increased, the
gain of the antenna increases first and then decreases. Compared with the silver
block, the height of the silicon block has a greater influence on the gain. The gain
reaches the maximum when Hg; = 300 nm and H g = 200 nm, respectively.
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Figure 8.
The simulated gain of the plasmonic nanoantenna varies with the heights of the (a) silicon and (b) silver block
at the frequency of 193.5 THz.

The simulation results show that the geometric parameters of the silver and
silicon blocks will affect the radiation characteristics of the antenna. For TE polar-
ized incident wave, the widths of the silicon and silver blocks have significant effect
on the gain, and the lengths of the silicon and silver blocks have little effect on the
gain. It is necessary to optimize these parameters to obtain a plasmonic nanoan-
tenna with high gain.

3. Plasmonic nanoantenna arrays

In practical applications, the antenna array is used to realize beam steering on
the basis of the optical field superposition principle. The beam deflection is realized
by changing the phase of the light radiated by each antenna in the array. Usually,
radiation characteristics of the antenna array, including steering angle, beam
width, gain, return loss, and mutual coupling between each antenna [25] should be
considered. Utilizing the proposed plasmonic nanoantenna, one-dimensional (1-D)
and two-dimensional (2-D) arrays are designed, and their radiation characteristics
are investigated in detail.

3.11 x 8 plasmonic nanoantenna array

In the research of 1-D array, a1 x 8 array is designed using the proposed plas-
monic nanoantenna, as shown in Figure 9. In the 1 x 8 array, the nanoantennas are
arranged in a row along the x-axis with element spacing of d. In the simulation,
optical signals are fed from the waveguide port of each antenna, i.e., Port1 to Port8,
respectively. For the array with uniform element spacing, the element spacing
larger than one wavelength will lead to the appearance of the grating lobes in the
far-field radiation pattern of the array, which will limit the beam steering range.

In our design, the element spacing is set to 0.7} (i.e., d = 1085 nm), which is much
smaller than the element spacing reported in Ref. [1]. Thus, the whole 1 x 8 array is
8680 nm in length and 1085 nm in width.

The return loss of each waveguide port in the designed 1 x 8 array is calculated
and shown in Figure 10. The curves S11 to S88 represent the return losses of Portl
to Port8, respectively. The results in Figure 10 show that the return losses of all
ports are less than —22.5 dB in the frequency region 191.5-196.2 THz. It means that
the reflectivity of each port is less than 0.6%. Such low return losses also prove that
there is a good impedance match between the designed plasmonic nanoantenna
and the silicon waveguide in a wide bandwidth. To research the coupling effect
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Figure 9.
Structure of 1 x 8 array.
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Figure 10.
Return losses of the ports from Port1 to Port8 in the 1 x 8 array with d = 0.74,.

among the ports, the mutual couplings between other ports and Portl are shown in
Figure 11. The mutual coupling decreases as the distance between Portl and other
ports increases at 193.5 THz.

In the simulation, the radiation pattern of the 1 x 8 array is studied by feeding
optical signals with the equal amplitude and the same phase into each port simul-
taneously. Figure 12(a) and (b) display the far-field radiation patterns of the 1 x 8
array in the planes of ¢ = 0° and ¢ = 90° at 193.5 THz, respectively. The simulation
results show that the 1 x 8 array radiates light vertically upward with a gain of
14.5 dB and the HPBWs of the main lobe on the planes of ¢ = 0° and ¢ = 90° are 9.0°
and 96.4°, respectively.

According to the filed superposition principle, beam steering can be realized by
changing the phase of light radiated by each antenna in the antenna array. In theory,
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Figure 12.
Far-field radiation patterns of the 1 x 8 array with d = 0.74, in the planes of (a) ¢ = 0° and (b) ¢ = 90° at the
frequency of 193.5 THz.

for a 1-D array along the x-axis with uniform element spacing d, the relationship
between the beam steering angle 6 and the phase difference of light fed into the two
adjacent antennas , follows the equation of [25]

kd sin® = y,, (1)

where the parameter k represents wave vector in the free space.

We further study the beam steering characteristics of the 1 x 8 array in Figure 9
by using the methods of electromagnetic simulation and theoretical calculation.
At 193.5 THz, the far-field radiation pattern of the 1 x 8 array in the plane of ¢ = 0°
with various phase difference of the input light fed in two adjacent antennas s, is
simulated, as shown in Figure 13. The simulation results show that when the phase
difference , increases from —180° to +180° with an interval of 45°, the beam steers
from —44° to +44° in the ¢ = 0° plane. When the light fed into each antenna has
the same phase, i.e., y, = 0°, the plasmonic nanoantenna array radiates light in the
direction of 6 = 0° with the highest gain and the narrowest beam width. As beam
steering angle increases, the main lobe width of the radiation beam increases, and
the gain decreases. When the phase difference is +180.0°, i.e., y, = 180°, the peak
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Figure 13.
Far-field beam steering of the 1 x 8 array with d = 0.7, in the plane of ¢ = 0° with various phase differences at
193.5 THz.

value of the grating lobe of the radiation light is the same as that of the main lobe,
and the beam steering angle is +44.0°, which is almost consistent with the theoreti-
cal value of £45.6° calculated by Eq. (1). Figure 14 gives the far-field radiation pat-
tern of the 1 x 8 array at 193.5 THz, when y, = 45°. As can be seen from Figure 14,
the deflection angle of the main lobe is 10.48°. Theoretically, the beam steering
angle obtained from Eq. (1) is 10.28°. The small deviation between the simulation
results and theoretical results result from the mutual coupling between the nanoan-
tennas in the array.

In a uniformly arranged array, element spacing is the critical factor for deter-
mining the radiation characteristics of the array. Numerical simulations of the 1 x 8
array with different element spacing d are performed, and the influences of element
spacing on the radiation characteristics are analyzed in depth.

Figure 14.
Far-field vadiation pattern of the 1 x 8 array with d = 0.74, at 193.5 THz when y, = 45°,
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The calculated S-Parameters of the 1 x 8 array with different element spacing
are displayed in Figures 15 and 16. Figure 15(a) and (b) show the return loss of
Port1 (Sy1) and Port4 (S44) when d varies from 0.7) to 1.1, respectively. In the
frequency range of 187-200 THz, the return loss of Port1 is less than —12 dB, which
indicates that Portl has good matching characteristics with different element
spacing. When the element spacing is 0.7), the return loss decreases sharply near
193.5 THz. The mutual coupling between the Portl and the Port2 (S,;) is shown
in Figure 16. At 193.5 THz, the mutual coupling decreases with the increase of the
element spacing.

The calculated far-field radiation patterns of the 1 x 8 array with the phase
difference y, = 0° in the ¢ = 0° plane and ¢ = 90° plane when d increases from
0.7) to 1.1 are shown in Figure 17(a) and (b), respectively. As can be seen from
Figure 17(a), when the element spacing is 1.1\, the grating lobes appear at —62.0°
and 62.5°.

The far-field radiation patterns of the 1 x 8 array withd = 0.7) at three frequen-
cies of lower side frequency 187 THz, center frequency 193.5 THz, and upper side
frequency 200 THz when y, = 0° are shown in Figure 18. Figure 18(a) and (b)
displays the far-field radiation patterns in the planes of ¢ = 0° and ¢ = 90°, respec-
tively. The calculated results show that 1 x 8 array also has almost the same gains at
center and side frequencies.
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Figure 15.
Return loss of the (a) Port1 and (b) Port4.
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Figure 16.
Mutual coupling between the Port1 and the Port2.
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Figure 17.
Far-field radiation patterns of the 1 x 8 array with y, = 0° in the planes of (a) ¢ = 0° and (b) ¢ = 90° when
d increases from 0.74, to 1.14, at 193.5 THz.

3.2 8 x 8 plasmonic nanoantenna array

In this section, we take the 1 x 8 array mentioned above as a sub-array and
extend it along the y-axis to obtain an 8 x 8 array, as shown in Figure 19. In the 8 x 8
array, the spacing between two adjacent antennas is set to 0.7)g in both directions of
x- and y-axis, that means the element spacing isdy = dy = 0.7). The far-field radia-
tion pattern of a 2-D array can be calculated by using the pattern multiplication,
which is given by [1]

E(6,9) = S(6,¢) x F,(6, ), )

where E(0, ) and S(0, ¢) represent the far field radiation patterns of the 2-D
array and the 1-D sub-array, respectively. The function F,(6, ¢) indicates the array
factor of the 2-D array. The array factor is determined by the 1-D sub-array spacing
and the number of the 1-D sub-arrays in the 2-D array along the extend direction,
and the amplitude and phase of the light fed in each antenna. According to Eq. (2),
the far-field radiation pattern of the 8 x 8 array with constant amplitude and same
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Figure 18.
Far-field radiation patterns of the 1 x 8 array with d = 0.7, in the planes of (a) ¢ = 0° and (b) ¢ = 90° at
three frequencies when y, = 0°.

Figure 19.
Structure of the 8 x 8 array with the element spacing of 0.74, in the divections of x- and y-axis.
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phase of light in each antenna at 193.5 THz is obtained. The calculated far-field
radiation patterns in the planes of ¢ = 0° and ¢ = 90° are displayed in Figure 20(a)
and (b), respectively. It can be seen that the 8 x 8 array radiates light upward with a
gain of 24.2 dB and an HPBW of 9.0° x 9.0° at 193.5 THz.

Similar to the 1-D beam steering, 2-D beam steering of the 8 x 8 array is realized
by changing the phases of light in the nanoantennas along the two orthogonal direc-
tions. The parameters y, and y, are used to represent the phase differences between
two lights fed in the adjacent nanoantennas along the x- and y-directions, respec-
tively. When the phase difference y, is changed, the beam steers in the ¢ = 0° plane.
Figure 21 shows the far-field beam steering radiation patterns of the 8 x 8 array in
the ¢ = 0° plane under various ., when , is fixed at 0°. It can be found that the
radiation direction of the light changes in a certain range of —44.0° to +44.0°, as the
phase difference y, changes from —180.0° to +180.0°.

Figure 22 shows the far-field beam steering of the 8 x 8 array in the ¢ = 90°
plane under various \,, when y, is fixed at 0°. When the phase difference y, is
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Figure 20.

Far-field vadiation patterns of the 8 x 8 array with d, = d,, = 0.7, in the planes of (a) ¢ = 0° and (b) ¢ = 90°
at 193.5 THz.
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Figure 21.

Far-field beam steering in the ¢ = 0° plane of the designed 8 x 8 array with d,. = d, = 0.74, at 193.5 THz when
Wy changes from —180° to 180° and v, is fixed at 0°.
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changed, the beam steers in the ¢ = 90° plane. As the phase difference y, changes
from —180.0° to +180.0°, the radiation direction of the light changes in a certain
range of —45.0° to +45.0° at 193.5 THz.

Therefore, the designed 8 x 8 array can be used to realize the beam steering with
a steering range of +44.0° x +45.0° by controlling the differences of y, and y,.
Calculated by Eq. (1), an 8 x 8 array with the element spacing of 0.7 along
the x- and y-axis has a beam steering range of +45.6° x +45.6°, which is basically
consistent with the simulation results. At 193.5 THz, a far-field radiation pattern of
the designed 8 x 8 array is simulated when y, = y, = 45°, as shown in Figure 23. It is
clearly seen that an optical beam is radiated with an angle of 8 = 14.0° and ¢ = 45°.
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Figure 22.
Far-field beam steering in the ¢ = 90° plane of the 8 x 8 array with d, = d,, = 0.7, at 193.5 THz when y,
changes from —180° to 180° and i, is fixed at 0°.

Figure 23.
Far-field radiation pattern of the designed 8 x 8 array with d = d, = 0.7}, at 193.5 THz when y, = y, = 45°.
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4, Conclusion

In this chapter, we review the silicon-based optical nanoantennas and their
applications in OPA for beam steering. In order to obtain an OPA with high gain and
wide beam steering range, we propose a sub-wavelength plasmonic nanoantenna
with an operating wavelength of 1550 nm. The proposed plasmonic nanoantenna
consists of a silver block and a silicon block with a standard silicon waveguide for
feeding light into the nanoantenna. On the basis of LSPR, the plasmonic nanoan-
tenna radiates light vertically upward with a high gain of 8.45 dB at 1550 nm. There
is a good impedance match between the plasmonic nanoantenna and the silicon
waveguide in a frequency range from 176.7 to 248.5 THz. Furthermore, two nano-
antenna arrays (1 x 8 and 8 x 8) with the element spacing of 0.7\, composed of the
proposed plasmonic nanoantennas are designed, and their beam steering radiation
patterns are studied in detail. The simulation results show that the 1 x 8 array can
be used to realize 1-D beam steering from —44.0° to +44.0° with a gain of 14.5 dB at
1550 nm, and the 8 x 8 array can achieve a 2-D beam steering from —44.0° to +44.0°
in one dimension and from —45.0° to +45.0° in the other dimension with a gain of
24.2 dB at 1550 nm.

The plasmonic nanoantenna we proposed is a good candidate for the exten-
sion of the nanoantenna array used in a large-scale OPA. Utilizing the proposed
plasmonic nanoantenna, a 3-D array extend mode can be adopted to form an OPA
with thousands of optical nanoantennas. We first make a 1-D OPA as a sub-layer,
in which the optical power division network, phase shifters, and a 1-D plasmonic
nanoantenna array are integrated in a plane. After that, such 1-D OPA layers are
extended longitudinally. Therefore, a highly integrated OPA containing thousands
of optical nanoantennas with sub-wavelength element spacing can be obtained
theoretically to steer beam in a wide angle without grating lobes. However, the
processing of the OPA with multilayer structure is limited by our micro/nanofabri-
cation technology. We believe that with the development of micro/nanoprocessing
technology, the large-scale OPA will be applied in various fields of optical com-
munication, LiDAR, security monitoring, and display advertising, which will bring
great benefits to human life.
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Chapter 3

Scattering from Multilayered
Graphene-Based Cylindrical and
Spherical Particles

Shiva Hayati Raad, Zahra Atlasbaf and Mauro Cuevas

Abstract

This chapter discusses various approaches for calculating the modified Mie-Lorenz
coefficients of the graphene-based multilayered cylindrical and spherical geometries.
Initially, the Kubo model of graphene surface conductivity is discussed. Then,
according to it, the formulations of scattering from graphene-based conformal parti-
cles are extracted. So, we have considered a graphene-wrapped cylinder and obtained
its scattering coefficients by considering graphene surface currents on the shell. Later,
a layered nanotube with multiple stacked graphene-dielectric interfaces is introduced,
and for analyzing the plane wave scattering, graphene surface conductivity is
incorporated in the transfer matrix method (TMM). Unlike the previous section, the
dielectric model of graphene material is utilized, and the boundary conditions are
applied on an arbitrary graphene interface, and a matrix-based formulation is con-
cluded. Then, various examples ranging from super-scattering to super-cloaking are
considered. For the scattering analysis of the multilayered spherical geometries,
recurrence relations are introduced for the corresponding modified Mie-Lorenz
coefficients by applying the boundary conditions at the interface of two adjacent
layers. Later, for a sub-wavelength nanoparticle with spherical morphology, the full
electrodynamics response is simplified in the electrostatic regime, and an equivalent
circuit is proposed. Various practical examples are included to clarify the importance
of scattering analysis for graphene-based layered spheres in order to prove their
importance for developing novel optoelectronic devices.

Keywords: multilayered, graphene, spherical, cylindrical, nanoparticles,
modified Mie-Lorenz theory, 2D material

1. Introduction

Cylindrically layered structures have various exotic applications. For instance, a
metal-core dielectric-shell nano-wire has been proposed for the cloaking applica-
tions in the visible spectrum. The functionality of this structure is based on the
induction of antiparallel currents in the core and shell regions, and the design
procedure is the so-called scattering cancelation technique [1]. Experimental reali-
zation of a hybrid gold/silicon nanowire photodetector proves the practicality of
these structures [2]. As an alternative approach for achieving an invisible cloak,
cylindrically wrapped impedance surfaces are designed by a periodic arrangement
of metallic patches, and the approach is denominated as mantle cloaking [3].
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Conversely, cylindrically layered structures can be designed in a way that they
exhibit a scattering cross-section far exceeding the single-channel limit. This phe-
nomenon is known as super-scattering and has various applications in sensing,
energy harvesting, bio-imaging, communication, and optical devices [4, 5].
Moreover, a cylindrical stack of alternating metals and dielectrics behaves as an
anisotropic cavity and exhibits a dramatic drop of the scattering cross-section in the
transition from hyperbolic to elliptic dispersion regimes [6, 7]. The Mie-Lorenz
theory is a powerful, an exact, and a simple approach for designing and analyzing
the aforementioned structures.

Multilayered spherical structures have also attracted lots of interests in the field
of optical devices. A dielectric sphere made of a high index material supports
electric and magnetic dipole resonances which results in peaks in the extinction
cross-section [8]. Moreover, by covering the dielectric sphere with a plasmonic
metal shell, an invisible cloak is realizable, which is useful for sensors and optical
memories [9]. By stacking multiple metal-dielectric shells, an anisotropic medium
for scattering shaping can be achieved [10].

From the above discussions, it can be deduced that tailoring the Mie-Lorenz
resonances in the curved particles results in developing novel optical devices. In this
chapter, we are going to extend the realization of various optical applications based
on the excitations of localized surface plasmons (LSP) in graphene-wrapped cylin-
drical and spherical particles. To this end, initially we introduce a brief discussion of
modeling graphene material based on corresponding surface conductivity or dielec-
tric model. Later, we extract the modified Mie-Lorenz coefficients for some curved
structures with graphene interfaces. The importance of developed formulas has been
proven by providing various design examples. It is worth noting that graphene-
wrapped particles with a different number of layers have been proposed previously as
refractive index sensors, waveguides, super-scatterers, invisible cloaks, and absorbers
[11-15]. Our formulation provides a unified approach for the plane wave and eigen-
mode analysis of graphene-based optical devices.

Graphene is a 2D carbon material in a honeycomb lattice that exhibits extraor-
dinary electrical and mechanical properties. In order to solve Maxwell’s equations in
the presence of graphene, two approaches are applied by various authors, and we
will review them in the following paragraphs. It should be noted that although we
are discussing the graphene planar model, we will use the same formulas for the
curved geometries when the number of carbon atoms exceeds 10%, letting us neglect
the effect of defects. Therefore, the radii of all cylinders and spheres are considered
to be greater than 5 nm [16]. Moreover, bending the graphene does not have any
considerable impact on the properties of its surface plasmons, except for a small
downshift of the frequency. Figure 1 shows the propagation of the graphene surface
plasmons on the S-shaped and G-shaped curves [17].
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Figure 1.

Propagation of graphene surface plasmons on curved structures: (a) S-shaped and (b) G-shaped [17].
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Since graphene material is atomically thin, in order to consider its impact on the
electromagnetic response of a given structure, boundary conditions at the interface
can be simply altered. To this end, graphene surface currents that are proportional
to its surface conductivity should be accounted for ensuring the discontinuity of
tangential magnetic fields. In the infrared range and below, we can describe the
graphene layer with a complex-valued surface conductivity ¢ which may be
modeled using the Kubo formulas [18, 19]. The intraband and interband contribu-
tions of graphene surface conductivity under local random phase approximations
read as [18]:

2ie’kpT i,
O'intra(a)) = m In |:2 cosh <2kBT>:| (1)

Ginter%:—h[i—i-—arctan( @ ”‘) ! In (ho + 24,

— | == 2
P 7 2kgT 2 (ho — Zﬂc)z + (ZkBT)z @

The parameters #, ¢, i, I', and T are reduced Plank’s constant, electron charge,
chemical potential, charge carriers scattering rate, and temperature, respectively.
The above equations are valid for the positive valued chemical potentials. More-
over, graphene-based structures can be analyzed by assigning a small thickness of
A~ 0.35nm to the graphene interface and later approaching it to the zero. In this
method, by defining the volumetric conductivity as o, v = 0,/A and using it in
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Figure 2.
(a) and (b) the real and imaginary parts of graphene surface conductivity [20] and (c) and (d) the rveal and
imaginary parts of graphene equivalent permittivity [21].
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Maxwell’s curl equations, the equivalent complex permittivity of the layer can be
obtained as [20]:

_ (_%%:i . (Og,r
Egeq = (— oA +eo) +z(wA) 3)

where subscripts  and 7 represent the real and imaginary parts of the surface
conductivity, respectively. Both models will be used in the following sections.

Figure 2(a) and (b) shows the real and imaginary parts of graphene surface
conductivity at the temperature of T' = 300°K. The real part of the conductivity
accounts for the losses, while the positive valued imaginary parts represent the
plasmonic properties [20]. Moreover, the real and imaginary parts of the graphene
equivalent bulk permittivity are shown in Figure 2(c) and (d). The negative valued
real relative permittivity represents the plasmonic excitation, and the imaginary
part of the permittivity represents the losses [21]. It should be noted that all of the
formulas of this chapter are adapted with exp (—iwt) time-harmonic dependency.

2. Graphene-coated cylindrical tubes

In this section, the modified Mie-Lorenz coefficients of a single-layered
graphene-coated cylindrical tube will be extracted. The formulation is expanded
into the multilayered graphene-based tubes through exploiting the TMM method,
and later, various applications of the analyzed structures, including emission and
radiation properties, complex frequencies, super-scattering, and super-cloaking,
will be explained.

2.1 Scattering from graphene-coated wires

Let us consider a graphene-wrapped infinitely long cylindrical tube. The struc-
ture is shown in Figure 3(a), and it is considered that a TE*-polarized plane wave
illuminates the cylinder. In general, TE and TM waves are coupled in the cylindrical
geometries. For the normally incident plane waves, they become decoupled, and
they can be treated separately. For simplicity, we consider the normal incidence of
plane waves where the wave vector k is perpendicular to the cylinder axis.

% 10
incident graphene E - g
pl;:wwme I“:‘” 3 v
HI—DI:
Wavelength [pm]
(a} (b}

Figure 3.
(a) A single-layered graphene-coated cylinder under TE® plane wave illumination and (b) corresponding
scattering efficiency for €, = 3.9 and p. = 0.5 eV. The normalization factor in this figure is the diameter of the

cylinder [23].
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In order to obtain the modified Mie-Lorenz coefficients, the incident, scattered,
and internal electromagnetic fields are expanded in terms of cylindrical coordinates
special functions which are, respectively, the Bessel functions and exponentials
in the radial and azimuthal directions. In order to exploit a terse mathematical
notation, the vector wave functions are introduced as [22]:

M, = k(25 - 2, 4p) ) @
kp
N, = kZ,(kp)e"?z (5)

The complete explanation of the above vector wave functions and their self and
mutual orthogonally relations can be found in the classic electromagnetic books
[22]. In the above equation, Z, is the solution of the Bessel differential equation, and
n is its order. It is clear that in the environment, the radial field contains the Hankel
function of the first kind in order to account for the radiation condition at infinity,
while in the medium region, the Bessel function is utilized to satisfy the finiteness
condition at the origin of the structure.

In the graphene-based cylindrical structures, the plasmonic state is achieved
via illuminating a TE* wave to the structure. Therefore, for the normal illumination,
the incident, scattered, and dielectric electromagnetic fields are shown with the
superscripts [ = in,sca, d, respectively, and they read as [23]:

Hy <& »

H = k—ln;mAnz N, (kp) (6)
Ey <& i

E, = k—ln;anl M, (kip) (7)

where Hy and Ey are the magnitudes of the incident electric and magnetic fields,
respectively, and they are related via the intrinsic impedance of the free space. The
wavenumber in the region / is denoted by k;. The coefficients [4,, B, | are, respectively,
[1,1], [@n, bn], and [c,, d,] for the incident, scattered, and core regions. Moreover,
a, and b,, are the well-known Mie-Lorenz coefficients, which are called the modified
Mie-Lorenz coefficients for the scattering analysis of graphene-based structures.

The boundary conditions at the graphene interface at p = R; are the continuity
of the tangential electric fields along with the discontinuity of tangential magnetic
fields. Therefore:

$.Eg = ¢.(Exa + Ein) (8)
2H,; = §~(Hsca + Hin) + 4?7~Ed0 9

By applying the boundary conditions in the expanded fields, the linear system of
equations for extracting the unknowns can be readily obtained. The solution of the
extracted equations for the scattering coefficients leads to:

ki J, (kiR €], (k2Ry) = 152, (kaRy) | — ke ], (ksR1) T, (kaRs)

a, = 10)
k2H£ll)/(k2R1) |:81]n(k1R1) + l(%‘; ;(klRl)} — klngill) (szl)]:'l (klRl)
ozt [HY' (k2R (k2R1) — HY (kaRo)T, (k2Ry)|
b, = (11)

ksHY' (kaRy) |:81]n (kaRy) +i22], (klRl)} — kaesHLY (RaRy )], (kaRy)
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The same procedure can be repeated for the TM” illumination. The normalized
scattering cross-section (NSCS) reads as:

oo

NSCS = Y |y (12)

n=—o0

where the normalization factor is the single-channel scattering limit of the
cylindrical structures. In order to have some insight into the scattering performance
of graphene-wrapped wires, the scattering efficiency for ¢; = 3.9 and y, = 0.5eV is
plotted in Figure 3(b) by varying the radius of the wire. As the figure illustrates, a
peak valley line shape occurs in each wavelength. They correspond to invisibility
and scattering states and will be further manipulated in the next sections to develop
some novel devices. The excitation frequency of the plasmons is the complex poles
of the extracted coefficients [24] which will be discussed in the next subsection.
Interestingly, the scattering states of graphene-coated dielectric cores are
polarization-dependent. By using a left-handed metamaterial as a core, this limita-
tion can be obviated [25].

2.1.1 Eigenmode problem and complex frequencies

As in any resonant problem, additional information can be obtained by studying
the solutions to the boundary value problem in the absence of external sources
(eigenmode approach). Although, from a formal point of view, this approach has
many similar aspects with those developed in previous sections, the eigenmode
problem presents an additional difficulty related to the analytic continuation in the
complex plane of certain physical quantities. Due to the fact that the electromag-
netic energy is thus leaving the LSP (either by ohmic losses or by radiation towards
environment medium), the LSP should be described by a complex frequency where
the imaginary part takes into account the finite lifetime of such LSP. The eigenmode
approach is not new in physics, but its appearance is associated to any resonance
process (at an elementary level could be an RLC circuit), where the complex
frequency is a pole of the analytical continuation to the complex plane of the
response function of the system (e.g., the current on the circuit). Similarly, in the
eigenmode approach presented here, the complex frequencies correspond to poles
of the analytical continuation of the multipole terms (Mie-Lorenz coefficients) in
the electromagnetic field expansion.

In order to derive complex frequencies of LSP modes in terms of the geometrical
and constitutive parameters of the structure, we use an accurate electrodynamic
formalism which closely follows the usual separation of variable approach devel-
oped in Section 2.1. We can obtain a set of two homogeneous equations for the m~th
LSP mode [26]:

52 50 (y)ay — ? Jo(®1)b, = 0
1

& "
le

(1) _ — /
Hn (.X‘z)ﬂln ]n(xl)bn - WeoEr bn]n(x1>

(13)

where the prime denotes the first derivative with respect to the argument of the
function and x; = k;R; (j = 1,2). For this system to have a nontrivial solution, its
determinant must be equal to zero, a condition which can be written as:

D, = hn(XZ) _jn (Xl) + 6Cl)iR1jn(X1)hn(X2) =0 (14)
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1 (1)
wherej, (x) = J{JWW(ZC))’ hy(x) = Z;;Ui’;)). This condition is the dispersion relation of

LSPs, and it determines the complex frequencies in terms of all the parameters of
the wire cylinder.

2.1.2 Non-vetarded dispersion relation

When the size of the cylinder is small compared to the eigenmode wavelength,
ie, A, = %U—’f > >Ry, where ¢ is the speed of light in free space, Eq. (13) can be
approximated by using the quasistatic approximation as follows. Using the small
argument asymptotic expansions for Bessel and Hankel functions, the functions
Ju(x) = L and h,(x) ~ — % [27]. Thus, the dispersion relation (14) adopts the form:

&1+ & n

o R1 (15)

iweg

Taking into account that in the non-retarded regime the propagation
constant of the plasmon propagating along perfectly flat graphene sheet can be
approximated by:

kg, = iweg ate , (16)
c

it follows that the dispersion relation (14) for LSPs in dielectric cylinders
wrapped with a graphene sheet can be written as:

kg2nRy = 27n (17)

where # is the LSP multipole order. The dispersion Eq. (17), known as Bohr
condition, states that the #n—th LSP mode of a graphene-coated cylinder accommo-
dates along the cylinder perimeter exactly 7 oscillation periods of the propagating
surface plasmon corresponding to the flat graphene sheet.

For large doping (u. > kpT) and relatively low frequencies (hw < ),
the intraband contribution to the surface conductivity (1), the Drude term, plays
the leading role. In this case, the non-retarded dispersion equation Eq. (14) is
written as:

eun
&1+ e = ¢ 18
e hzﬂ[;’ole(a) +1y,) (18)
which can be analytically solved for the plasmon eigenfrequencies,
2.2 2
— | 2" ,(ﬁ) Y PO Y 1 19
“n ate \2) 27 et 27 1)
where w3 = MZZ:{Rl is the effective plasma frequency of the graphene coating. It is

worth noting that the real part of @, is proportional to /#, and as a consequence,
the net effect of the chemical potential increment is to increase the spectral position
of the resonance peaks when the structure is excited with a plane wave or a dipole
emitter [28, 29].

In the following example, we consider a graphene-coated wire with a core radius
R; = 30 nm, made of a non-magnetic dielectric material of permittivity ¢; = 2.13

1
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n FR (pm™1) AA (pm™1)

1 0.8868268 — i0.4105015 x 1073 0.8873162 — 10.2532113 x 1073

2 1.254676 — i0.2532181 x 1073 1.254855 — i0.2532113 x 1073

3 1.536735 — i0.2531644 x 1073 1.536877 —i0.2532113 x 1073

4 1.774508 — i0.2531757 x 1073 1.774632 — i0.2532113 x 1073
Table 1.

Resonance frequencies w, for the first four eigenmodes (1<n <4), Ry = 30 nm, p, = 0.5 eV, y, = 0.1 meV,
e1=213, yy =1, ea=1, and u, =1 [26].

Tﬁ'kﬂ'

Figure 4.
Multilayered cylindrical structure consisting of alternating graphene-dielectric stacks under plane wave
illumination. The 2D graphene shells are represented volumetrically for the sake of illustration [31].

immersed in the vacuum. The graphene parameters are ., = 0.5eV, y, = 0.1 meV,
and T = 300° K. Table 1 shows the first four eigenfrequencies calculated by solving
the full retarded (FR) dispersion Eq. (14) (second column) and by using the ana-
lytical approximation (AA) given by Eq. (19) (third column). Since the radius of the
wire is small compared with the eigenmode wavelengths, good agreement is
obtained between the complex FR and AA w, values, even when the AA assigns

Im @, = —y./2~0.25 x 10 3um " to all multipolar plasmon modes.

2.2 Multilayered graphene-based cylindrical structures

In this section, multilayered cylindrical tubes with multiple graphene interfaces
are of interest. In order to ease the derivation of the unknown expansion coeffi-
cients, matrix-based TMM formulation is generalized to the tubes with several
graphene interfaces. Initially, consider a layered cylinder constructed by the
staked ordinary materials under TE* plane wave illumination, as shown in Figure 4.
The total magnetic field at the environment can be expressed as the superposition
of incident and scattered waves as in Section 2.1. The unknown expansion
coefficients of the scattered wave can be determined by means of the T,
matrix defined as [30]:

N
Ty = [Duc(R1)] ™4 [[Png(Ry)-[Drg (Rg+1)] ™ ¢ -Duvs1 (Rysa) (20)
q=1

where C represents the core layer. In the above equation, the dynamical matrix
D, 4 of each region is constructed based on its constitutive and geometrical param-
eters distinguished through the subscript g (¢ = 1, 2, ..., N). We have:
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Tn(x1) Y (x1)

2, T, (x1) 2, (xr) Q1)

Dn,q (x) =

The argument of the above special functions is x1 = k,x, and the TE* wave
impedance equals zq‘1 = /& After generating T, matrix for the structure, a,
coefficients can be calculated as:

T2t

— (22)
Ty +iThn

Ay =

In order to incorporate the graphene surface conductivity in the above formulas,
let us consider each graphene interface as a thin dielectric with the equivalent
complex permittivity defined in Eq. (3) and utilize the TMM formulation in the
limiting case of a small radius at the graphene interface with the wave number of k,,
i.e,, Rgi1 — Ry = t,. At each boundary, using the Taylor expansion as ], (k,R;) =
Ju(kgRy11) — tokyJ,, (kgRy11) in the T, matrix, the graphene interface can be
represented by the following matrices. We have:

1 —iopy

TE __ 0
Ty = [0 1 } (23)
TTMz[ ! 0] (24)

g i0'770 1

where the free-space impedance 7, equals 377 ohms. Once T, matrix is gener-
ated, the modified Mie-Lorenz coefficients and thus scattering cross-section are
readily attainable. In the following subsections, the above equations will be used to
design some novel optoelectronic devices.

2.2.1 Application in mantle cloaking

Widely tunable scattering cancelation is feasible by using patterned graphene-
based patch meta-surface around the dielectric cylinder as shown in Figure 5. The
surface impedance of the graphene patches can be simply and accurately calculated
by closed-form formulas, to be inserted in the modified Mie-Lorenz theory [32].

E
H /h'\ .
(b)
Figure 5.

Z ]
E’I -
X
(@)

(a) Electromagnetic cloaking of a dielectric cylinder using graphene meta-surface and (b) corresponding electric
field distribution [32].
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2.2.2 Application in super-scattering

Let us consider a triple shell graphene-based nanotube under plane wave illumi-
nation, as shown in Figure 6(a). This structure is used to design a dual-band super-
scatterer in the infrared frequencies. To this end, modified Mie-Lorenz coefficients
of various scattering channels should have coincided with the proper choice of
geometrical and optical parameters. In order to construct the T,, matrix for this
geometry, one needs to multiply nine 2 x 2 dynamical matrices, which is mathe-
matically complex for analytical scattering manipulation. Therefore, the associated
planar structure, shown in Figure 6(b), is used to develop the dispersion engineer-
ing method as a quantitative design procedure of the super-scatter. The separations
of the free-standing graphene layers are d; = d, = 45 nm in the planar structure, and
the transmission line model is used to analyze it. Moreover, the chemical potential
of lossless graphene material is y. = 0.2 eV in all layers. The dispersion diagram of
the planar structure is illustrated in Figure 7(a), which predicts the presence of
three plasmonic resonances in each scattering channel of the tube at around the
frequencies that fulfill SR, = n, where R,y is the mean of the radii of all layers and
f is the propagation constant of the plasmons in the planar structure. This condition
is known as Bohr’s quantization formula [30], and its validity for our specific
structure is proven by means of the previously developed formulas in Figure 7(b).
Egs. (12), (22), and (23) are used to obtain this figure.
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Figure 6.
(a) Multilayered cylindrical nanotube with three graphene shells and (b) associated planar structure [30].
R, is denoted with R, in the text.

|
&
(LB 4
i 0
e L] 3
LN '
= - 7 o 3T ]
| : . ! % P e
4 ¥’ 3 = <10} e o ——— ’J —
"{_1‘_ ¥ " T \1.
L - -l = 1% foe n=]
! Fy P I ———ns =l
o + ; i i
] 2 B & 5 ({1} 15 0 F 4] i) a5 40
i I-Im Treq (THz)
(a) {b)

Figure 7.

( r,guDipole and quadruple Mie-Lovenz scattering coefficients for the tube of Figure 6 and (b) dispersion
diagram of the associated planar structure [30]. .y, fop, and f, are the plasmonic resonances of the dipole
mode predicted by the planar configuration. The prime denotes the same information for the quadruple mode.
fie foor and f;c ave the same information calculated by the exact modified Mie-Lovenz theory of the multilayered
cylindrical structure.
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In order to design a dual-band super-scatterer, the plasmonic resonances of two
scattering channels have coincided by fine-tuning the results of the Bohr’s model. The
optimized geometrical and constitutive parameters are R, = 45.45 nm, d; = 45.05 nm,
dy = 4323 nm, €1 = 3.2, &, = 2.1, €3 = 2.2, and ¢, = 1. Figure 8 shows the NSCS and
magnetic field distribution for the dual operating bands of the structure. It is clear that
NSCS exceeds the single-channel limit by the factor of 4, and in the corresponding
magnetic field, there is a large shadow around the nanometer-sized cylinder at each
operating frequency. Other designs are also feasible by altering optical and geometri-
cal parameters. Furthermore, the far-field radiation pattern is a hybrid dipole-
quadrupole due to simultaneous excitation of the first two channels. It should be
noted that an inherent characteristic of the super-scatterer design using plasmonic
graphene material is extreme sensitivity to the parameters. Moreover, in the presence
of losses, the scattering amplitudes do not reach the single-channel limit anymore, and
this restricts the practical applicability of the concepts to low-frequency windows.

2.2.3 Application in simultaneous super-scattering and super-cloaking

As another example, the dispersion diagram of Figure 7(a) along with Foster’s
theorem has been used to conclude that each scattering channel of the triple shell
tube contains two zeros which are lying between the plasmonic resonances,
predicted by the Bohr’s model. Later, we have coincided the zeros and poles of the
first two scattering channels in order to observe super-scattering and super-cloaking
simultaneously [33]. The optimized material and geometrical parameters are ¢, = 3.2,
e1=¢6, =21, R, = 45.45 nm, d; = 46.25 nm, and d, = 46.049 nm. The NSCS curves
corresponding to the super-cloaking and super-scattering regimes are illustrated in
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Figure 8.
(a) and (b) The NSCS of dual-band super-scattever vespectively, in the first and second operating frequencies
and (c) and (d) corresponding magnetic field distributions [30].
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Figure 9(a) and (b), as well as the expected phenomenon, is clearly observed.

The corresponding magnetic field distributions, shown in Figure 9(c) and (d), also
manifest the reduced and enhanced scatterings in the corresponding operating bands,
respectively. Similar to the dual-band super-scatterer of the previous section, the
performance of this structure is very sensitive to the optical, material, and geometri-
cal parameters. By further increasing the number of graphene shells, other plasmonic
resonances and zeros can be achieved for the manipulation of the optical response.

3. Graphene-coated spherical structures

In this section, multilayered graphene-coated particles with spherical morphol-
ogy are investigated, and corresponding modified Mie-Lorenz coefficients are
extracted by expanding the incident, scattered, and transmitted electromagnetic
fields in terms of spherical harmonics. It is clear that by increasing the number of
graphene layers, further degrees of freedom for manipulating the optical response
can be achieved. For the simplicity of the performance optimization, an equivalent
RLC circuit is proposed in the quasistatic regime for the sub-wavelength plasmons,
and various practical examples are presented.

3.1 Multilayered graphene-based spherical structures

In this section, the most general graphene-based structure with N dielectric
layers, as shown in Figure 10, is considered, and plane wave scattering is analyzed
through extracting recurrence relations for modified Mie-Lorenz coefficients.

It should be noted that since, in the TMM method, multiple matrix inversions are
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Figure 9.

Simultaneous super-scattering and super-cloaking using the structure of Figure 6. NSCS for

(a) super-cloaking and (b) super-scattering regimes and corresponding magnetic field distributions,
respectively, in (c) and (d) [33].
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Figure 10.
Spherical graphene-dielectric stack (a) 2D and (b) 3D views [34]. Please note that the numbering of the layers

is started from the outermost layer in order to preserve the consistency with the reference paper [35].

necessary, unlike the cylindrically layered structures of the previous section, the
spherical geometries are analyzed through recurrence relations. Also, scattering
from a single graphene-coated sphere has been formulated elsewhere [16], and it
can be simply attained as the special case of our formulation.

The scattering analysis is very similar to that of the single-shell sphere [16],
unless the Kronecker delta function is used in the expansions in order to find the
electromagnetic fields of any desired layer with terse expansions. Therefore [34]:

B=m3 3 o (M) @
scat EOZZ ZZ_T_:]L_

{(1-8)Bamy) —i(1- &) )ByND, + (1~ 8} ) DiMy—i (1~ 8 ) DN, }
(26)

By considering z, as either j, or hV, which stand for the spherical Bessel and

Hankel functions of the first kind with order #, respectively, and P’ as the associated
Legendre function of order (n, m), the vector wave functions are defined as follows:

M) =) 78 [ 2 s SECE0G]
Nmn (kp) = %Zﬁ (ka)P:’l( cos 9) eim¢i'+
P
(28)
1 d[rz,(kpr)] [dP)(cosb) , im . -
kv dr [ a0 0+ gpn (cos 0)¢:|

where super-indices (1) in the vector wave functions show that the Hankel
functions are used in the field expansions. The boundary conditions at the interface

of adjacent layers read as:

7 x E¥) = x E?*) (29)

1
- 7 x VxEPTY _ VxVxE@_cr(pHprx(VxE(p) (30)
10y, 4q iop,
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Therefore, the linear system of equations resulting from the above conditions is:

gray | [ v Ohen) | [amsgn ] [uirog
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(32)

where y2 =, (4R, ) 1 = KD (R, ), 0wt = 1[5, (0)] ], and 087
%d {phﬁll) (p )} )p_ . (d is defined as a symbol for the derivative with respect to the
Y

radial component). By rearranging the above equations, the coefficients of the layer
(p + 1) can be written in terms of the coefficients of the layer p as:

1 REV
By T Th Py (33)
gy RV 1 DYy +6,

TH ,V TH’V

where the sub/superscripts H and V represent the TE and TM waves, respec-
tively. The directions of propagation of these waves are realized thought the sub-

scripts F (outgoing waves) and P (incoming waves). The effective reflection
coefficients are extracted as:

1 1
H kp+1ﬂpay/ PVIPI’ p/’tp+1a'7”pp prp +gu/}:lp V/‘ELP+ ¥
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(37)

Moreover, it can be readily shown that the transmission coefficients read as:

k1t ( aw(pﬂ Pelplp @H)p P) §(p+1)p)

kpsapg @yl P EY — oy 1087wl g 8yl
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(38)
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where g = iw0 (1 1)pf,Hhy.1- By using BII}”V = Dy, = 0, the recurrence relations
can be started, and the field expansion coefficients in any desired layer can be
obtained. The extinction efficiency is related to the external modified Mie-Lorenz
coefficients via:

Qm—— Zzn+1 )(By + By) (42)
=1

where symbol R represents the real part of the summation. In order to verify the
extracted coefficients, the extinction efficiencies of three graphene-coated struc-
tures is provided in Figure 11. In the graphical representation of the structures, the
dashed lines illustrate graphene interfaces, while the solid line shows a PEC core.
The optical and geometrical parameters are R; = 200 nm, R; = 100 nm, R3 = 50 nm,
pc=0.3eV,T=300°K, and 7 = 0.02 ps. The analytical results are compared with the
numerical results of CST 2017 commercial software, and good agreement is
achieved. Moreover, the analytical formulation provides a fast and accurate tool for
the scattering shaping of various spherical geometries.

In order to realize the priority of the closed-form analytical formulation with
respect to the numerical analysis, the simulation times of both methods are included
in Table 2. Considerable time reduction using the exact solution is evident. More-
over, since 3D meshing and perfectly matched layers are not required in this
method, it is efficient in terms of memory as well.

3.1.1 Quasistatic approximation and RLC model

Based on the results of Section 3.1, the modified Mie-Lorenz coefficients of the
graphene-based spherical particles form infinite summations in terms of spherical
Bessel and Hankel functions. In general, graphene plasmons are excited in the sub-
wavelength regime, and only the leading order term of the summation is sufficient for
achieving the results with acceptable precision. In this regime, the polynomial expan-
sion of the special functions can also be truncated in the first few terms [22]. Later,
the extracted modified Mie-Lorenz coefficients can be rewritten in the form of the
polynomials. To further simplify the real-time monitoring and performance
optimization of the graphene-coated nanoparticles, an equivalent RLC circuit can be
proposed by representing the rational functions in the continued fraction form as [36]:

1
Y — Yy 43
me/mm = Yoz — zzé : (43)
7

The equivalent circuit corresponding to the above representation is shown in
Figure 12.
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Figure 11.
The extinction efficiencies of graphene-based particles with different number of layers: (a) two, (b) three, and

(c) four [34].

Structure Simulation time
Analytical CST
Figure 11(a) 0.053214 s 32h,50 m, 18 s
Figure 11(b) 0.045831s 33h,45m,25s
Figure 11(c) 0.151555 s 33h,34m,55s
Table 2.

Comparing the simulation time of CST and our codes [34].

The continued fraction representation for the TM coefficients is:

3
x
by = ! <11 x? (44)

—050'3" + —= =

273 —‘7/11‘7/22‘7/§+_0_,2 /45,f4 i

1293 +0/(x)

where o), = o, '), 6} = o' 05—6226364,0221%(2+2g+m)
=2 (142 +m?), oy =12 (g + 20+ ) o =B (14 ),
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Figure 12.
The proposed equivalent circuit for the scatteving analysis of electrically small graphene-coated spheres [36].

The elements of the equivalent circuit for the TM coefficients read as:

=1 =2 2
—61020'3

! 3 7 r -1 / 7 2 14 -4
Yo=x" , Zi=—-0y3 , Zy= , Z5=x010,0'; (45)

x2

3.1.2 Application in emission

In order to illustrate the application of Mie analysis for the graphene-wrapped
structures, let us consider vertical and horizontal dipoles in the proximity of a
graphene-coated sphere, as shown in Figure 13. Although in the Mie analysis, the
excitation is considered to be a plane wave, by using the scattering coefficients, the
total decay rates can be calculated for the dipole emitters, and it can be proven that
the localized surface plasmons of the graphene-wrapped spheres can enhance the
total decay rate, which is connected to the Purcell factor [16, 37]. The amount of
electric field enhancement for the radial-oriented and tangential oscillating dipoles
with the distance of x,, respectively, read as:

E _ = n+1 1 hnl) (Xd)
5 =1 D n 4 R0 (46)
O]
__1+Z (22 +1) a, P, (0)hY (x4) + b, P(0 )M (47)

n+1 X4

Figure 13(b) shows the local field enhancement for the average orientation of
the dipole emitter in the vicinity of the sphere with R; = 20 nm, coated by a graphene
material with the chemical potential of y, = 0.1 eV. As the figure shows, an enhanced
electric field in the order of ~10" is obtained for the dipole distance of 1 nm with
averaged orientation, and it decreases as the dipole moves away from the sphere.

3.1.3 Application in super-scattering

The possibility of a super-scatterer design using graphene-coated spherical par-
ticles is illustrated in Figure 14. The design parameters are &; = 1.44, Ry = 0.24 pm,
and y. = 0.3 eV. The structure can be simply analyzed by the modified Mie-Lorenz
coefficients. The general design concepts are similar to their cylindrical counter-
parts, namely, dispersion engineering using the associated planar structure, as
shown in the inset of the figure. Due to the excitation of TM surface plasmons, the
normalized extinction cross-section is five times greater than the bare dielectric
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(a) Vertical and horizontal dipole emitters in the proximity of the graphene-coated sphere and (b) the local
field enhancement for various dipole distances with averaged orientation [37].
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(a) Atomically thin super-scatterer and associated planar structure shown in the inset and (b) corresponding
normalized scattering cross-sections by considering lossless and lossy graphene shells [38].

sphere. Moreover, similar to the cylindrical super-scatterers, by considering a small
amount of loss for the graphene coating by assigning I' = 0.11meV, the perfor-
mance is considerably degraded [38].

3.1.4 Application in wide-band cloaking

By pattering graphene-based disks with various radii around a dielectric sphere, it is
feasible to design a wide-band electromagnetic cloak at infrared frequencies. The
geometry of this structure is illustrated in Figure 15. In order to analyze the proposed
cloak by the modified Mie-Lorenz theory, the polarizability of the disks can be inserted
in the equivalent conductivity method. The extracted equivalent surface conductivity
can be used to tune the surface reactance of the sphere for the purpose of cloaking [39].

3.1.5 Application in multi-frequency cloaking

The other application that can be adapted to our proposed formulation of mul-
tilayered spherical structures is multi-frequency cloaking. As Figure 16 shows, by
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(a) Single and (b) multi-frequency cloaking using single/multiple graphene shells avound a spherical
particle [21].

proper design, a single graphene coating can eliminate the dipole resonace in a
single reconfigurable frequency. The radius of the sphere is R; = 100 nm and its core
permittivity is &; = 3. It can be concluded that double graphene shells can suppress
the scattering in the dual frequencies since each graphene shell with different
geometrical and optical properties can support localized surface plasmon reso-
nances in a specific frequency. By further increase of the graphene shells, other
frequency bands can be generated. Figure 16(b) shows the cloaking performance of
a spherical particle with multiple graphene shells. The radii of the spheres are 107.5,
131.5, and 140 nm, and the corresponding chemical potentials are 900, 500, and
700 meV, respectively. The permittivity of the dielectric filler is 2.1 [21].

3.1.6 Application in electromagnetic absorption

As another example, a dielectric-metal core-shell spherical resonator (DMCSR)
with the resonance frequency lying in the near-infrared spectrum is considered. In
order to increase the optical absorption, the outer layer of the structure is covered
with graphene. The localized surface plasmons of graphene are mainly excited in
the far-infrared frequencies and in the near-infrared and visible range; it behaves
like a dielectric. By hybridizing the graphene with a resonator, its optical absorption
can be greatly enhanced. Figure 17 shows the performance of the structure for
various core radii [15].
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Figure 17.
Strong tunable absorption using a graphene-coated spherical resonator with fixed dielectric core vefractive index
of n and silver shell thickness of t [15].

The provided examples are just a few instances for scattering analysis of
graphene-based structures. Based on the derived formulas, other novel optoelec-
tronic devices based on graphene plasmons can be proposed. Moreover, since
assemblies of polarizable particles fabricated by graphene exhibit interesting prop-
erties such as enhanced absorption, negative permittivity, giant near-field
enhancement, and large enhancements in the emission and the radiation of the
dipole emitters [40—43], the research can be extended to the multiple scattering
theory.
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Chapter 4

Nanoscale Plasmon Sources:
Physical Principles and Novel
Structures

Hamed Ghodsi and Hassan Kaatuzian

Abstract

Started by M. Stockman with his proposed idea of a nanoscale quantum genera-
tor of plasmons that he called surface plasmon amplification by stimulated emission
of radiation (SPASER) in 2002, during the last two decades various devices have
been proposed, fabricated, and tested for SPASERs or plasmonic nanolasers which
have almost the same meaning. Despite all these efforts, there are still serious
barriers in front of these devices to be an ideal nanoscale coherent source of surface
plasmons. The main challenges are the difficulty of fabrication, over-heating, low
output powers, high loss rates, lack of integration capability with commercial
fabrication processes, inefficient performance in room temperature, and so on.

In this chapter, governing principles of nanolaser operation are discussed. Impor-
tant parameters, limitations, and design challenges are explained, and some of the
proposed or fabricated structures are presented and their merits and demerits are
expressed. Eventually, several novel structures resulting from our works are
introduced, and their performances are compared to the state-of-the-art structures.

Keywords: nanoscale plasmon source, SPASER, plasmonic nanolaser,
nanoplasmonics, stimulated emission

1. Introduction

Theoretical postulation [1] and realization of laser [2] in the twentieth century
changed both science and technology forever. Potential applications of lasers later
have enormously expanded by the invention of the semiconductor diode laser in
1962 which brought them into the commercial market and in almost every device
we know [3]. In the 1990s by the introduction of vertical-cavity surface-emitting
laser (VCSEL) diodes, semiconductor lasers have pushed to their size limits [4]. The
size of a dielectric cavity laser cannot be smaller than A/2 in each dimension, and
this limitation is known as the diffraction limit. With this in mind, modern VCSEL
sizes are limited to a few microns [5]. On the other hand from the beginning of the
millennia due to the rapid development of fabrication methods and tools [6],
submicron manipulation of light using plasmonic devices has got lots of attention
[7-10]. Plasmonic structures using metal/insulator interfaces broke the size limita-
tion of the photonic devices and paved the way for integrating electronics, photon-
ics, and optoelectronics on a single monolithic chip [11].

In order to bring benefits of the plasmonics into the field of laser research and
fabrication, M. Stockman proposed the idea of a nanoscale quantum generator
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called surface plasmon amplification by stimulated emission of radiation (SPASER)
in 2002 [12]. This device utilizes a plasmonic feedback mechanism in a gain
medium for exciting stimulated emission in local plasmon modes of metallic
nanoparticles. In the next two decades, various mechanisms and devices have been
proposed and fabricated for the realization of a nanoscale coherent plasmon source
or plasmonic nanolaser [13]. These devices can be categorized in nanoparticles [12],
waveguide-based nanolasers [15], nanowires [16], nanoresonators [17],
nanopatches [18], nanodisks [19], plasmonic crystals [20], and so on. Although
these devices have shown significant potentials, there are still serious problems with
the nanoscale coherent sources of surface plasmons. For instance, the difficulty of
fabrication, over-heating, low output powers, high loss rates, lack of integration
capability with commercial fabrication processes like CMOS, inefficient perfor-
mance in room temperature, and so on can be noted [12, 13].

In this chapter and in Section 2, we start with basic principles of nanoplasmonics
like the definition of surface plasmon polariton (SPP) modes in classical and quan-
tum mechanical pictures, different sources of plasmon loss, and specific properties
of plasmons focusing on special characteristics of plasmons in metallic
nanoresonators. Then, the interaction of plasmons with carriers in a cavity will be
briefly discussed according to plasmonic cavity quantum electrodynamics. In
Section 3, three different methods for analyzing plasmonic nanolasers are discussed,
and in Section 4 several previously introduced nanolaser structures are briefly
reviewed. In Section 5, the proposed nanolaser structures by the authors are intro-
duced, and this chapter will be concluded in Section 6.

2. Nanoplasmonics and quantum treatment of plasmons

The modern era of plasmonic began with the investigation of wood anomalies in
the early twentieth century [21]. Later in 1957 Ritchie published a paper on plasma
loss due to the electrons at the interface of a thin metal film [11]. In the next few
years, theoretical works on collective oscillations of electrons at the surface of
metals led to the introduction of plasmons as the quasiparticle corresponding to
these oscillations [11]. However, applications of plasmons as a tool for nanoscale
manipulation of light has gained significant attention with the paper by H. Atwater
in 2007 named “Promise of plasmonics” [21]. In the past two decades, plasmonics
has been developed both in theoretical and experimental aspects, and many differ-
ent devices like switches [22], detectors [23], routers [24], amplifiers [25], and
sources [17] have been introduced.

2.1 Basic principles

In order to find an appropriate model for surface plasma waves at the surface
of a metal, we should deal with a charge density wave in an infinite electron gas
which is often modeled by hydrodynamic equations [11]. An electromagnetic
wave propagating in a material polarizes it and results in a mechanical excitation
in electric charges and their movement. Therefore, oscillations in the electric
field and mechanical oscillations are coupled. This coupled oscillation is called
polariton. In case of metals, the electromagnetic field causes a longitudinal wave
of charge density, and the coupled oscillations are known as plasmon polariton
waves [11].

According to Figure 1 at the interface of metal with a dielectric interaction of an
electromagnetic field with the surface electrons, a specific type of plasmon
polariton waves called surface plasmon polaritons or SPP modes results. Although
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Figure 1.
Interaction of an electromagnetic field with surface plasma waves and excitation of surface plasmon polariton
waves.

there are different types of plasmons like bulk plasmons and local surface plasmons
(LSPs), SPP and LSP modes have significant roles in many plasmonic devices.
There are several models for plasmons, and we are going to briefly overview
them here. The most well-known and simple model is Drude’s model which
describes the metal as a free electron gas system and models the system using the
classical spring-mass model with the external force exerted from the incident field
“E” equals to “-qE” acting on the system. We are not going to derive the equations
here and only use the final result as shown in Eq. (1) which can be derived as
mentioned in many related references like [22]:
za-)—;’ w, = n_ez’ =1
@* +iy(w)w

1)

&(w)=1-

“ »

where is number of electrons in the unit volume of the metal, “¢” is the
electron charge, “m” is the electron mass, “¢” is permittivity of vacuum, “w,” is the
plasma frequency of the metal, “y” is the total loss, and “z” is the effective lifetime
of the electrons associated with all of the decay processes.

According to Eq. (1), permittivity of a metal ¢,(@) can be used in solving
Helmbholtz equations and finding the behavior of electromagnetic waves propa-
gating at the metal/dielectric interface which are also known as SPP waves.
However, Drude’s model suffers from several shortcomings which leads to con-
siderable errors especially near the plasma frequency of the metal. This is because
in Drude’s model, the effect of electrons in other energy bands (not just free
electrons) is not included, and nonlocal effects are also not included [26]. To
overcome these problems, Drude-Lorentz’s model is introduced for the first
problem which can be written in general multi-oscillator form as Eq. (2) and
Landau damping correction according to Eq. (3) for the second problem. We
are not going to further discuss these models either, and you can find details

n [11, 26].
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where the first sentence corresponds to Drude’s model; “f;” is the power of the
j’th oscillator; and “w,;,” “@;,” and “y;” are plasma frequency, resonant frequency,
and loss coefficient of the j’th oscillator, respectively.
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w? 2
e(w)=1- P a)zzﬂ },:1 (3)

? +iy(w)w — > T eom’ T

where “f” is the Landau nonlocal parameter which becomes important for large
values of wavenumber.

More precise treatment of surface plasmons can be done using the hydrody-
namic model which includes solving Bloch equations, i.e., continuity, and Bernoulli
and Poisson’s equations simultaneously. According to Egs. (4-6), one can describe
collective oscillations of electrons in an arbitrary system using electron density (n)
and hydrodynamic velocity (v(r,t) = —Vy/(r,t)) [23].

%n(r, t) = Vu(r,t) = V.[n(r,t)Vy(r,1)] 4)
Ly =2 Wy + 250 5

Gln] = % (322) ¥ (1, 1)
V2p(r,t) = dnn(r,t) (6)

In the general form, Bloch equations are nonlinear and quite difficult to solve.
However, using the perturbation theory, one can find linearized equations of
Eq. (7) which helped Ritchie and his team to find plasmon dispersion equation in
Eq. (8) for the first time [23].

n(r,t) =no(r) +n(r,t) + ...

w(r,t) = 04y, (r,t) + ...
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The most accurate model for dealing with surface plasmons in atomic scales is
solving Schrodinger’s equation and calculating dynamical structure factor in Eq. (9)
which is related to the oscillations of particle density in a many-particle system [23]:

S(r,7'5@) = Y _8p0, (r1)00(r2)8(e — E, + Eo) 9)

where the first two terms are elements of the operator “p(r)-n(r)” relating the
ground state “y;,” with energy “E,” and “5” is the Dirac function, “zq(r)” represents
ground state density of particles, and “p(r)” is the particle density operator.

Using this model one can precisely calculate electron density profile in a many-
electron system like a metal. However, solving the required equations is not easy,
and most often approximations like random phase approximation or time-
dependent density functional theory is used [23].
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2.2 Specific properties of surface plasmons

Various applications of plasmonic technology in development of nanoscale
devices and systems are all based on the same fundamental properties of plasmons.
These specific properties include field confinement, enhancement of local density
of optical states, and ultrawide bandwidth and fast response [11].

Confinement of electromagnetic fields in scales much smaller than the wave-
length is the most crucial property of surface plasmon modes and can be defined in
both parallel and orthogonal planes. Due to the high rate of loss, propagation length
of the surface plasma waves in any direction is inversely related to the imaginary
part of the wavenumber “1/Im(kgp).” This length for good plasmonic metals like
gold and silver is limited to a few microns and is considered as the upper limit of
confinement [11]. The lower limit of confinement is exerted by Fourier transform
properties with considering a monochromatic field with frequency “®” and
wavenumber “k = o/c” in the vacuum with far from any surface. It can be con-
cluded that in the “x” direction “AxAa > 2n” in which « is the x component of the
wavenumber. Therefore, the lower limit of field confinement is “2n/o.x = A” which
is also known as the diffraction limit. However, for surface plasmons, the
wavenumber according to the dispersion relation (see Figure 1) can be much higher
than “o/c” which implies that surface plasmon modes can be confined in extremely
tiny dimensions (much smaller than the wavelength) [11].

Enhancement of local density of optical states (LDOS) for surface plasmons can
be investigated both near the metal surface and in a metallic nanoresonator. In a
metallic nanoresonator, this effect which is also known as Purcell effect or
enhancement of spontaneous emission is the vital property of plasmonic nanolasers.
Purcell factor (F),) is defined by the ratio of decay rate due to the spontaneous
emission in a cavity over the decay rate in the free space. It can be calculated by
Fermi’s golden rule in a two-level atomic system and expressed by Eq. (10) [24].

s _ 3 (1)’ 0 G O]

F _4 2 " V , —), 2 p , —, 2
e REAMS T e ()1 aQ? (t) (10)
3 e\’ Q
Fp=5\") v
472 \ nq Vgﬁr

In which “T,,” is the decay rate in the cavity, “T'y” is the decay rate in the free
space, “n,” is the refractive index of the propagation medium, “4,,,” and “w,,,” are
the emission wavelength of the medium, “o.” is the cavity resonance frequency,
“Q” is the quality factor of the cavity, “V,4" is the effective mode volume of the
propagating mode in the cavity, and the dot product of the nominator corresponds
to the mismatch between directions of transition dipole and the field.

In a dielectric microcavity despite the large quality factor, large mode volume
results in infinitesimal Purcell factors, but nanoscale metallic resonators (the build-
ing block of a plasmonic nanolaser) provide a very small equivalent mode volume
expressed by Eq. (11) which results in a large Purcell factor which is crucial for the
nanolaser operation. Moreover, since the emission rate is proportional to the LDOS,
the higher Purcell factor means the higher local density of optical states [24].

Je(7)|E(7)| ar (11)
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where “e(r)” is the permittivity as a function of position inside the resonator
volume in which the integral is calculated and “E(r)” is the electrical field related to
the propagating mode. However, this condition for a plasmonic nanocavity may not
be satisfied. Therefore, the electromagnetic energy density of a dispersive and
dissipative medium should be used in Eq. (11). A dispersive lossless medium like the
dielectric side of the interface (12) can provide a good estimation and a lossy
medium like the metal side of the interface (13) should be used [25].

1 N2 oe,.(r, w)
(u) —Ee‘o‘E(V)‘ (sr(r,a)) +wT (12)
where “¢”(r)” is the real part of the permittivity.
1 N2 2¢!(r, w)w
(u) —ZeolE(V). (EV(V, ) —|—T (13)

« 1 «_»

where “¢”(r)” is the real part of the permittivity and “y” is the loss rate intro-
duced in Drude’s model.

The third specific property of surface plasmons is their ultrawide bandwidths
and fast response. In plasmonic nanoresonators due to considerable loss levels,
quality factor is limited and in many cases between 10 and 100. Low-quality factor
despite its negative effect on the Purcell factor provides an ultrawide bandwidth of
several terahertz. This wide bandwidth resulting in fast time response has applica-
tions in generating femtosecond pulses in nanoscale dimensions and ultra-wideband
nanoantennas [11].

2.3 Plasmon loss mechanisms

Inherent lossy nature of plasmon propagations requires more attention to the
loss mechanisms both for using the loss as a beneficial application like biomarkers
and biosensors [13] and minimizing its unwanted effects like plasmonic nanolasers.

Surface plasmons decay because of several elastic or inelastic loss channels, for
instance, scattering because of other electrons, phonons, or crystal defects and so
on. We will categorize them into three groups. The first is bulk decay rate or (y,)
which can be expressed by Eq. (14) [26].

Yo = Ve—e + yefphonon + }/equ"ect + .. (14)

which the first term is due to electron-electron scattering as can be derived by
Eq. (15) and the second term is due to electron-phonon scattering mechanism.
Furthermore, the third term is the electron-defect decay rate. It should be noticed
that for metals in the room temperature, electron-phonon decay rate is about
10'* Hz and increases with the temperature. But, the other two factors remain
constant with the temperature and exist even in the absolute zero [26].

2
Yoo A 10%. @—w) Hz (15)

As can be seen from Eq. (15), the electron-electron scattering has a direct
relation with the frequency and in the visible frequencies is in the same order of
magnitude as the first term [26].

In the plasmonic structures with dimensions about few nanometers, i.e., shorter
than the mean free path of electrons, the second type of decay should be considered.
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Surface scattering due to roughness of the surface (y,.) is inversely related to the
mean free path due to surface roughness (a) and directly proportional to the Fermi
velocity of electrons [26]. Fermi velocity is the maximum velocity an electron can
achieve due to Fermi-Dirac distribution. For instant, for gold Fermi velocity is
about 2.5 x 10° m/s.

The third type of losses in plasmonic devices is because of a process called
Landau’s damping [26]. Landau damping arises from the electrons oscillating with
the velocity equal to the phase velocity of the surface plasmon mode. During
acceleration, these electrons absorb energy from the plasmon mode. In other words,
a quanta (plasmon) of the surface plasma wave is annihilated, and an electron-hole
pair is generated in this procedure. Simply put, Landau damping is the plasmon-
electron interaction mechanism. Landau damping rate (y,) which is significant for
the large wavenumber values (see Figure 2) can be estimated by Eq. (16) [26].

kp\> —k? 1)
L za)p.(f> .exp (ﬁ),k@ = i (16)

2.4 Surface plasmons in quantum mechanical picture

Plasmonic nanolasers are considered to be quantum nanogenerators of surface
plasmons. Similar to lasers, these devices also operate based on both particle and
wave properties of the electromagnetic waves. Therefore, finding a valid quantiza-
tion approach for surface plasmon modes is necessary for explaining operation
principles of the nanolasers.

The first attempts for finding a quantized description of plasmons are done by
Bohm and Pines in the 1950s, and their works lead to the Pines model. In the Pines
model, metal is considered to be a free electron gas material and electrons share
long-range correlations in their positions in the form of collective oscillations in the
whole system [27]. Pines model describes a quantized model of these collective
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Figure 2.
Landau damping effect on the total damping rate [26].
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oscillations which have both wave and particle properties, and the corresponding
quanta (plasmon) is a boson [27].

Polariton is a joint state of light and matter introduced by Hopefield for provid-
ing a quantum model for the polarization field describing the response of matter to
light [30]. Based on Hopfield’s model, Ritchie and Elson proposed the first quan-
tized description of surface plasma waves called Surface Plasmon Polariton or SPP.
However, Hopefield’s model did not consider the scattering and loss in the metal
and effects of valance electrons and later Huttner and Barnett propose a model
based on the Hopefield model including dispersion and loss, and recently
a macroscopic quantization model based on Green’s functions has also been

published [27].

3. Physical models for analyzing plasmonic nanolasers

In order to analyze a plasmonic nanolaser, we need theoretical tools for describ-
ing the carrier-plasmon dynamics in the cavity. In this section, several models are
discussed with different precision, but every method has its own limitations and
should be used for a specific category of devices or a certain purpose.

3.1 Plasmon cavity quantum electrodynamics (PCQED)

Interaction of electron-hole pairs and plasmons in a nanocavity is the funda-
mental mechanism in any plasmonic nanolaser. As an example of this interaction,
energy transfer diagram in a quantum well based nanolaser is illustrated in Figure 3.

This interaction should be treated similar to light-matter interaction in a laser
cavity by the cavity quantum electrodynamics (CQED). However, in a plasmonic
nanocavity due to Purcell enhancement of spontaneous emission and nanoscale
dimensions and considerable loss and dispersion, there should be considerable
differences that lead to a new cavity electrodynamic model for plasmonic cavities or
PCQED [14].

The key difference between CQED and PCQED is in the method of controlling
the interaction of electromagnetic fields with the medium. One of the most funda-
mental differences between them is the enhancement of spontaneous emission rate
in a plasmonic cavity by the Purcell factor. The physical structure of the cavity
affects the spectral characteristics of the plasmonic mode oscillations and results in
a difference in the local density of optical states and the Purcell factor based on the
designer’s will. In other words, CQED controls interaction dynamics by their rela-
tionship with the quality factor of the resonator, while in PCQED dynamic of
interactions is controlled by the Purcell factor. In dielectric microcavities, the qual-
ity factor is very high (even 10'°), while modal volume is limited to the refraction
limit (few microns in each dimension), and Purcell enhancement does not occur.
On the other hand, for plasmonic nanocavities because of intense mode confine-
ment, equivalent mode volume is far smaller than the diffraction limit and results in
considerable Purcell factor and density of state manipulation [14].

Excitons ] e SPP's
Excited state Encrgy
transfer
Ground state
Carriers in Electrons in
Quantum well M-5 interface

Figure 3.
Energy transfer diagram of a quantum-well based nanolaser.
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Moreover, in PCQED loss and dispersion are critical factors and are necessary
for correct modeling. Finding precise quantum mechanical models for these phe-
nomena in plasmonic nanocavities still needs more research. However, we can use
the photon/plasmon analogy and developed methods and tools of the photons like
the density of state matrix and decay channels for estimating quantum mechanical
behavior of plasmonic nanocavities [14].

3.2 Quantum mechanical atomic-scale model

Modeling phenomena like quantum fluctuations, spectral narrowing,
coherency, threshold behavior, and precise dynamic analysis of plasmon nanolasers
need an atomic-scale quantum mechanical model. However, in order to find closed-
form equations, several simplifications are necessary, and thus this model just pro-
vides a theoretical tool for investigating fundamental properties of plasmonic
nanolasers.

To do so, consider an N-atom system in a low-quality factor nanocavity in which
the decay rate of the cavity (k) is the fastest decay rate of this system. This condi-
tion is called the “bad cavity assumption” [28]. Therefore, resonator mode can be
adiabatically eliminated, and the system state is totally determined by “N” active
atoms. Considering two energy levels for each atom which are coupled to a cavity
with resonance frequency (w) and plasmon lifetime (1/2x), one can describe the
interactions between the atoms and field by Tavis-Cumming Hamiltonian of
Eq. (17) [28].

Hap =ihg(a']_ —a].) (17)

In which “g” is the coupling factor which is identical for all of the atoms, “2” and
“a’™ are annihilation and creation operators of plasmons, respectively, and “J,” is

the operator of collective atomic oscillations in the “a” direction and can be defined
by Eq. (18) in which “sj,” and “;,” are Pauli matrices [28].

N
-+ g
Jo= Zajm a={x,y,2}, o = w (18)
j=1

« _» «

Using atomic density operator “p” in a quantum system with state vector “y
and by considering the Hamiltonian of Eq. (17), Schrodinger’s equation leads us to
the dynamic equation of Eq. (19) in which “y,” is the pumping rate and “y , ” is the
spontaneous emission rate and “y,” is the dephasing rate of oscillating atoms [28].
The last term describes interaction of active atoms through the cavity mode [28].

. 1 I N 1 1
p=—izoll,pl+ 2> 20j.p0; +].p+5p), — Np
2 2 \& 2 2
N N 2
Y 1 1 Y
+ % ( E 20 po;, — ifzp - Ep]z - Np) + 7” < § 20zp0), — NP) +& (2J_p)
= 1 :
(19)

After several mathematic manipulations on Eq. (19) and by defining
“Xn(& € ,n) = tr(pe’® J+e"=¢i¥-)” and its Fourier transform “P(v,v*,m)” as the
atomic polarization operator, we can conclude Eq. (20) as a closed-form dynamic
equation describing the system by collective atomic operators [28].
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It should be noticed that Eq. (20) has not an analytical solution in this form and
should be linearized or be solved numerically. In order to find a more familiar form
of the dynamic rate equations, we should use linearization. By defining plasmon
mode using dimensionless polarization “s” and number of carriers by normalized
population inversion “z,” one can write Eq. (21) for a plasmonic nanolaser with N
active atoms and the mentioned assumptions [28]:
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where for threshold parameter, “go>1” stimulated oscillations are dominant
and for “gp<1” nanolaser is working in the subthreshold region, and generated
plasmons are not coherent. Using this method, quantum fluctuations of plasmon
and carrier numbers in the cavity even for a few numbers of plasmons can be
estimated. Eventually, you can find first- and second-order correlation functions of
the generated plasmons over time for above threshold pumping and the resulting
linewidth “D” in Eq. (22). Significant linewidth narrowing with respect to the
natural broadening “I"” for “g»>1” implies proper laser operation, and time
damping quantum fluctuations can be seen from the second-order correlation

function [28].
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3.3 Mean-field atomic-scale model (optical Bloch)

In this model, the classical wave equation is applied to the electric field, while
plasmons are assumed quantized, and using Fermi’s golden rule, a kinetic equation
describing the behavior of plasmons is derived. This model proved to be consistent
with the previous model above the threshold while having the advantage to be used
for quantum dot gain mediums. Also, Einstein’s spontaneous and stimulated emis-
sion coefficients can be calculated from this model. Therefore, it can prove the
positive effect of increased spontaneous emission due to the Purcell effect on the
stimulated emission of the nanolaser. However, similar to the model described in
Section 3.2, it needs some simplifying assumptions and works in atomic scales [12].

In this model, the nanoscale system consists of a metal layer with permittivity
“e(w)” over a dielectric with permittivity “e;.” The classic eigenvalue wave equation
can be written for the plasmonic eigenmodes according to Eq. (23) [12].

V.[G(?) fsn} w(?) —0 (23)

where “6(r)” is equal to “1” inside the dielectric and “0” inside the metal.
Corresponding eigenvalues to the nth mode can be derived by Eq. (24) where “Q,”
is the complex frequency of the nth eigenmode in which the real part is equal to the
resonant frequency of nth mode “w,” and the imaginary part corresponds to the
plasmon decay rate “y,,” [12].

-1
5(£2,) = s, s(w) = [1 - @] (24)
€n
Assuming “y, << @,” we can write Eq. (25).
I n dR n
y, = bl - dRels(@,)] 25)
s dw .

For the times shorter than the plasmon lifetime “t,, = 1/y,,” corresponding
Hamiltonian to the electric field of the quantized surface plasmons can be
expressed by Eq. (26) in which “T” is the integration time and should satisfy
“t,>> T>> 1/w,.”

H= i TOWE (7, m)ﬁ(?, —w) i—:d% (26)

Using the extension of the electric field based on the quantized eigenmodes of
the system, one can write Eq. (27), and Hamiltonian of Eq. (26) can be written
as Eq. (28) which has the standard form of a quantum mechanical harmonic
oscillator.

E(?,t) = —V¢<7,t), ( ) Z 2;75 (H)e—m [ane ™" + ]
(27)

H = Zhwn (ajlan + %) (28)

69



Nanoplasmonics

« _»

where “a” and “at” are annihilation and creation operators of plasmons, respec-
tively. Consider dipolar emitters (quantum dots) with carrier population densities
of the ground state and excited state equal to “p;(r,)” and “p,(r,),” respectively,
where “r,” corresponds to the location of the a’th emitter with transition dipole
moment equal to “4”.” Transition matrix element [12] for this transition “d¢” can
be estimated by the Kane theory according to Eq. (29) [12] in which “¢” is the
electron charge, “f” is the power of the transition oscillator, “K” is the Kane con-
stant, “m” is the electron mass, and “@,” is the plasmon frequency of the nth mode.
“d10” is proportional to the rate of spontaneous emission and Purcell effect.

K
le =e€ ZWZC{)ZL (29)
Interaction between the gain medium and the plasmon modes can be described
by Hamiltonian of Eq. (30) which is exerted to the system. Accordingly, using the
Fermi’s golden rule, the kinetic equation of the system can be written for the
number of plasmons in the nth mode by Eq. (31) in which “A,,” and “B,,” are the
stimulated and spontaneous emission coefficients, respectively [12].

H = ZEWW (7a> (30)
Nn :AnNn _VnNn +Bn (31)

According to the mentioned model, Einstein emission coefficients can be

derived by Egs. (32) and (33).
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where “p,,” and “r,,” are spatial overlap factors of the nth mode with the gain
medium and “g,,” is the spectral overlap factor [12]. These parameters can be
derived by Eqs. (34-35), respectively.

2= ([0 (7)) [(7) = () 39
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where “F(w)” is the spectral characteristic of the transition dipole moments.

3.4 Semiclassical rate equations
The aforementioned methods will give us much useful information about the

operating principles of the plasmonic nanolasers. However, a consistent model with
macroscopic measurable parameters is also needed for larger-scale systems. To do
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so, a modified version of an initially proposed rate equation for the microcavity
lasers in the 1990s can be used [29, 30]. This model as shown in Eq. (37) according
to many recent pieces of research [15, 16, 29] can adequately explain the plasmon/
exciton carrier dynamics of a plasmon nanolaser. Furthermore, the macroscopic
parameters like output power and pumping current can be easily derived.

dn =R, — An — pTAs(n —no) _sSa

dt V,

4 (37)
d—; = pAn + pTAs(n —ng) — ys

The first equation of Eq. (6) is expressing the rate of carrier changes, and the
second one is describing the temporal behavior of the plasmon generation. Plasmon
generation is determined by the spontaneous plasmons coupled in the lasing mode
(the first term), stimulated emission (the second term), and plasmon loss rate (the
last term) [29].

In these equations “n” is the excited state population of the carriers, “s” is
the number of plasmons in the lasing mode, and “R,” is the carrier generation
rate. The coupling factor (f) is defined by the ratio of the spontaneous
emission rate into the lasing mode and the spontaneous emission rate into all
other modes. A possible calculation method for this parameter can be seen in
Eq. (38) [15].

P =5 FE

where “F,,,(k)” is the Purcell factor of k’th mode. k = 1 corresponds to the lasing
mode, and the summation is over all of the possible propagation modes in the
cavity.

Mode overlap with the gain medium which is also known as I'-factor is defined
by the overlap between the spatial distributions of the gain medium and the lasing
mode. In a homogenous medium, spontaneous emission rate “A” is equal to “1/7,,,”
and “z,,0” is the spontaneous emission lifetime of the material. However, in a
nanocavity, Purcell effect [24] modifies the spontaneous emission rate via
“A = F,Ao,” where “F,” is the Purcell factor and “A,” is the natural spontaneous
emission rate in a homogenous medium. “n,” is the excited state population of
carriers in transparency, “v,” is surface recombination velocity at the sidewalls of

»

the resonator, and “S,” and “V,,” are the area of sidewalls of the resonator and
volume of the gain medium, respectively. Finally, “y” is the total loss rate of
plasmons in the cavity. In order to calculate it, the loss coefficient per unit length
should be multiplied by the modal speed. Loss coefficient is calculated by “y,, + 7,~
where “y,,” and “y;” are resonator mirror loss and intrinsic cavity loss per unit

length, respectively.

4. Different structures of metallic nanoscale plasmon sources

A plasmonic nanolaser needs a metallic nanocavity, gain medium, and a feed-
back mechanism. In the past two decades, several structures and materials have
been introduced for this purpose. Some of these devices are presented in Figure 4
[13]. These structures can be subwavelength in one dimension like plane nanolaser
(see Figure 5(a)) [13], in two dimensions like nanowire-based plasmonic nanolaser
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(see Figure 5(b)) [16], and in three dimensions like nanocavity plasmon laser of
[17] (see Figure 5(c)).

The gain medium of plasmonic nanolasers can be any material capable of radia-
tive electron decay like any traditional laser. In the proposed structures, a variety of

Figure 4.
Different structures of the plasmonic nanolasers [13].

(a) (b)

(c)

Figure 5.

Different structures of the plasmon nanolasers: (a) a plane plasmon nanolaser [13] (subwavelength in one
dimension), (b) typical nanowire-based plasmon nanolaser [16] (subwavelength in two dimension), and
(c) quantum well-based nanocavity plasmon laser of [15] (subwavelength in three dimension,).
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materials like die molecules, bulk semiconductors, semiconductor quantum wells,
and quantum dots can be witnessed [13]. Many of the semiconductors were typical
optoelectronic materials (III-V and II-1V alloys) like GaAs, AlGaAs, ZnS, InGaAs,
InP, and so on [13].

5. Pl'OPOSCd nanoresonator structures

According to our most recent publications [17, 31, 32], we have proposed four
nanolaser structures that are discussed in this section. All of these structures are
electrically pumped in the room temperature, have subwavelength footprints, and
have considerable performance characteristics. The first structure is a GaAs quan-
tum dot-based nanocavity integrated into a plasmonic waveguide [31]. The second
is a metal strip nanocavity structure which is based in tensile-strained germanium
quantum wells [32]. The next one has a notched nanocavity and germanium quan-
tum wells as the gain medium [17] and the last one is a corrugated metal—
semiconductor-metal nanocavity structure utilizing two sets of germanium quan-
tum dot arrays as the gain medium [32].

The first structure is a GaAs/AlGaAs QD nanocavity plasmon laser, which can be
integrated into plasmonic waveguides for the realization of integrated plasmonic
chips. This proposed nanolaser as sketched in Figure 6 has several advantages over
the previously introduced ones.

For instance, it has a high coupling efficiency to the waveguide plasmonic modes
because of its thin structure and the monolithic metal layer. In addition, the pro-
posed nanolaser structure benefits from a large beta factor that means lower
threshold and also a high Purcell factor, which leads to higher gain and better laser
performance. The MSM structure of this device also can provide an efficient heat
transfer performance. Therefore, it predicted to efficiently operate without over-
heating and needs less chip area for fabrication of heatsink. Nevertheless, the
threshold pumping current of the proposed device is considerably high, and this
structure cannot provide output power in the mW range in the optimal pumping
region. Design characteristics related to the first structure can be seen in Table 1.

The second device is a germanium/silicon-germanium (Ge/Sig 11Geg g9) multiple
quantum well plasmonic nanolaser as shown in Figure 7. This device utilizes a thin
gold metal strip layer, sandwiched between Ge quantum wells in order to maximize
both field confinement and exciton-plasmon interaction possibility, which means
higher Purcell factor and better gain medium with mode overlap factor. Using two
aluminum electrical contacts, one on top of the resonator and one beside it, an
electrical pump current can be applied. Moreover, it can be coupled into
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¥
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Figure 6.
3D schematic of the GaAs quantum dot-based nanovesonator.
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Symbol Value
Cavity height Hg 50 nm
Cavity size Wgr 260 nm
QD size Dap 5nm
QD separation Dap2ap 10 nm
Distance of QDs from gold plate Hap 25nm
Top/bottom metal thickness Hpeta 50 nm
Doping level (p-type) Na 10" cm 3
Doping level (n-type) Np 10" cm™
Number of QDs Nop 256
QD volume Vap 125 x 10 cm 3

Table 1.
Design characteristics of the first structure.

Figure 7.
3D schematic of the metal strip nanocavity structure with germanium quantum wells.

silicon-based waveguides similar to [15] or used in the far-field configuration in
which plasmon modes will be converted into photons through the cavity interface.
Our device benefits from a metal-semiconductor-metal-semiconductor (MSMS)
structure, which can perform well in the 1550 nm regime by means of incorporating
highly doped strained Ge quantum wells as the direct bandgap gain medium

[33, 34]. Design characteristics of this structure can be found in Table 2.

It should be noticed that for transforming germanium into a direct bandgap
material, strong tensile strain levels could be applied in the fabrication process. This
will reduce the I'-valley direct bandgap of the material below the L-valley indirect
bandgap (0.664 eV) [33, 34]. This will result in an output wavelength about several
micrometers in which efficient plasmonic nanocavities cannot be designed. Alter-
natively, much lower strain level can be utilized, which in combination with
extreme level of donor doping for occupying the remaining indirect L-valley states
below the I'-valley results in a direct energy gap diagram [33, 34].

The third structure as shown in Figure 8 has a cubic nanoresonator with two
parabolic notches at both sides. This device provides a high-quality factor and
Purcell factor because of the notches which can effectively decrease the output loss
(amount of energy escaping the resonator) and improve energy confinement in the
cavity. The gain medium of this structure consists of four Germanium quantum
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Description Symbol Value Unit
Resonator size Wkr 270 nm
Resonator height Hg 130 nm
Bottom metal thickness Xstrip 10 nm
Metal thickness Xcontact 40 nm
Bottom buffer thickness XBottom 15 nm
Top buffer thickness Xrop 15 nm
Number of QWs Naow 4 —
QW thickness Xow 7 nm
Barrier wall thickness XBarvier 10 nm
Thickness of p-doped Ge buffer XBuffer 16 nm
Ge alloy percent x 89 %
Doping concentration of the QWs and barriers Np 7.6 x 107 cm™?
Doping concentration of the Ge buffer N,y 1 x 10 cm ™3
Table 2.

Design characteristics of the first structure.

Figure 8.
3D schematic of the notched cavity nanolaser structure.

dots (tensile-strained direct energy bandgap). This structure can be easily inte-
grated into different plasmonic and photonic waveguides with considerable cou-
pling factors. Therefore, it is an appropriate choice for on-chip applications. Also, it
can be simply used in the far-field lasing mode. An efficient integration approach
can be found in [15]. This device also provides the output free-space wavelength of
1.55 pm, which means it is compatible with commercial photonic devices and
systems. The design characteristics of the third structure can be witnessed in
Table 3.

The last proposed structure is a corrugated metal-semiconductor-metal
nanocavity device that can be seen in Figure 9. The specific design of the cavity
leads to a significant plasmonic mode with gain medium interaction and also an
increase in mode confinement and quality factor. Furthermore, this cavity design
using the two-side contacts can provide efficient electrically pumping with a rea-
sonable threshold current. The gain medium of our nanolaser consists of several
germanium quantum dots provided on both sides for maximizing the output power.
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Description Symbol Value Unit
Resonator size Wr 350 nm
Resonator height Hp 98 nm
Top metal thickness Xau 40 nm
Bottom buffer thickness XBottom 10 nm
Bottom buffer thickness X1op 10 nm
Number of QWSs Now 4 _
QW thickness Xow 7 nm
Barrier wall thickness XBarrier 10 nm
Thickness of p-doped Ge buffer XBuffer 20 nm
Ge alloy percent x 85 %
Doping concentration of the QWs Np 4 x 10" cm 3
Doping concentration of the Ge buffer Ny 1x 10" cm?
Table 3.

Design parameters of the third structure.

Figure 9.
Schematic illustration of the corrugated lateral MSMSM structure: (a) 3D schematic, (b) transverse cross
section, and (c) top view.

The proposed structure for the nanolaser according to Figure 9 consists of a corru-
gated metal nanostrip with two arrays of n + doped tensile-strained germanium
quantum dots (QDs) at both sides. In addition, two high-doped p + germanium
layers are used for better field confinement and providing higher carrier generation
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rates in the QDs. This structure also has two aluminum contacts for electrical
pumping into the gain medium. In this structure, the electrical pump current flows
perpendicular to the plasmonic mode propagation direction into the germanium
quantum dots (QDs) in order to produce excitons. This electron-hole pairs

Description Symbol Value Unit
Width of the thick area of the strip Wstrip,1 60 nm
Width of the thin area of the strip Wetrip,2 50 nm
Height of Ge virtual substrate Hys 200 nm
Resonator height He 40 nm
Al contact width Weont 40 nm
Ge buffer width Whyg 40 nm
Si-Ge barrier width Waarvier 30 nm
Quantum dot size Wap 5 nm
Quantum dot distance from the strip Dqp 10 nm
Quantum dot distance from the top Hap 20 nm
Number of QDs Nap 34 —
Spacing between QDs Sap 20 nm
Spacing between two notches Syotch 5 nm
Diameter of notches D,oren 10 nm
Cavity length L¢ 270 nm
Ge alloy percent x 85 %
Doping level of the QDs and barriers Np 4 % 10Y cm ™3
Doping level of the Ge buffer Ny 1x 10" cm 3
Table 4.

Design characteristics of the lateral MSMSM structure.

Parameter 1st 2nd 3rd 4th Liu et al. [7]
structure structure structure structure

Output wavelength (nm) 850 1550 1550 1550 850

Area (pm?) 0.07 0.073 0.1125 0.076 0.06

Threshold current (mA) 4.7 29 21 1.9 1.87

Output power in mW at threshold 0.198 4.16 15.6 10.59 0.08

Output power in pW at 10 pA 0.44 2.8 3 50 0.25

Pump current in mA for 1 mW 20 ~7 ~3 0.2 N.A

output power

Modulation bandwidth in GHz at 3.37 57 2.98 28.5 —

threshold

Spectral bandwidth in THz at 0.541 1.46 1.98 21.68 >0.08

threshold

Purcell factor (lasing mode) 66 291 700 2965 15

Quality factor (Q) 30 26 58 138 32
Table 5.

Performance characteristics of the proposed nanolasers.
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recombine through the radiative recombination process and transfer their energy to
the surface plasmon polaritons (SPPs) propagating at interfaces of the Ag metal
strip and its side semiconductor layers. The design characteristics of this device are
provided in Table 4.

The introduced nanolaser devices can be adequately analyzed using the afore-
mentioned theoretical phenomena. By means of Finite difference Time Domain
(FDTD) method for mode analysis and numerically solving nonlinear rate equations
of (37) output performance of the proposed structures can be derived. Also, needed
parameters are either extracted from experimental papers or found using numerical
methods according to [17, 31, 32]. Resulting from our analysis, the performance of
nanolaser structures of 5.1 can be concluded in Table 5 which demonstrates a
considerable performance with respect to a reference similar device [15].

6. Conclusion

In this chapter, we have briefly covered fundamental theories and models
related to plasmonic nanolasers. To conclude, nanolasers are one of the most critical
building blocks of the future integrated circuits containing both nanophotonics and
electronic parts. After two decades of development, recent devices are more prom-
ising for the realization of a commercially available nanoscale plasmon source or
plasmon nanolaser. Such a device will open a portal to the vast number of potential
applications.
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Chapter 5

Simple Preparations for
Plasmon-Enhanced
Photodetectors

Yu Liu, Junxiong Guo, Jianfeng Jiang, Wenjie Chen,
Linyuan Zhao, Weijun Chen, Renvong Liang and Jun Xu

Abstract

Localized surface plasmon resonance (LSPR), known as the collective oscillation
of electrons and incident light in metallic nanostructures, has been applied in high
performance photodetectors over the past few years. But the preparation process is
complex and expensive due to the introduction of electron beam lithography (EBL)
for preparing nanostructures. In the past few months, we have demonstrated two
simple methods to prepare plasmon-enhanced photodetectors: (i) Au nanoparticles
(Au NPs) solution were directly spun coated onto the WS,-based photodetectors.
The performance has been enhanced by the LSPR of Au NPs, and reached an
excellent high responsivity of 1050 A/W at the wavelength of 590 nm. (ii) Au NPs
were deposited on MoS, by magnetron sputtering. The spectral response of pure
MoS, was located in visible light and which was extended to near-infrared region
(700-1600 nm) by Au NPs. Further, the responsivity reaches up to 64 mA/W when
the incident light is 980 nm. In this book chapter, more details for developing those
two simple methods and the discussion of the enhanced mechanism are performed,
which can be very useful for the next generation photodetection.

Keywords: surface plasmon resonance, Au nanoparticles, enhanced photodetectors,
simple preparations, high responsivity

1. Introduction

Photodetectors are one of the most important devices in photonic chips, which
show a great potential in optical communication, flame sensing, environmental
monitoring, and astronomical studies [1]. A lot of semiconductors have been
exploited for photodetection such as silicon, GaN, PbS, InGaAs and HgCdTe,
operating from ultraviolet to far-infrared region [2]. It is significant to decrease the
dimension of photodetectors down to the sub-nano scale for the next generation
highly integrated photonic chips.

Two-dimensional (2D) materials such as graphene and layered transition metal
dichalcogenides (TMDs) have attractive electronic and optical properties such as
flexibility, transparency and metal-oxide-semiconductor (CMOS) compatibility
[3-7]. Tungsten disulfide (WS,), a typical member of the TMDs group, has a higher
carrier mobility than other TMD materials due to smaller electron effective mass
[8]. Moreover, WS, enjoys excellent thermal stability for extensive applications [9].
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Hence, WS;-based high stable photodetectors can be used in many attractive appli-
cations such as extreme environment detection. Furthermore, Two-dimensional
stacked molybdenum disulfide (MoS,) has attracted many research interests for
applications in optoelectronic devices, due to its outstanding merits of electronic
and optical properties, especially photodetectors. But the few layers 2D material-
based photodetectors suffer from low photoresponsivity mainly due to the poor
optical absorption in the atomic layered materials.

A number of 2D material-based photodetectors have been enhanced using
resonance microcavity, PbS quantum dots, tunneling effect, heterojunctions or
perovskite [10-14]. The narrow band absorption or complex preparation process
limits the application of these attractive methods. Recently, localized surface
plasmon resonance (LSPR)-enhanced photodetector has been demonstrated, and
we have also provided effective ways to enhance the efficiency of light-harvesting
[15-17]. LSPR can be excited by Ag or Au nanoparticles (NPs) such as deep metal-
lic grating, nanodisk array, bowtie array, hybrid antenna and fractal metasurface
[18-20]. Furthermore, patterning 2D materials into periodic structure can also
excite plasmon resonance [21]. The methods for preparing the nanostructure
involve electron beam lithography, hydrothermal synthesis, and template-based
electrochemical method, which are generally complicated, expensive and may
deleterious to the device.

For the current existing problems, we have demonstrated two methods for
easy-preparation and high-performance 2D material-based photodetectors [22, 23].
(i) Au NPs solution was directly spun coated onto WS,-based photodetectors.

The performance has been enhanced by the LSPR of Au NPs, and reach quite high
responsivity of 1050 A/W at the wavelength of 590 nm. The diameters and distance
of Au NPs will affect the resonant wavelength and absorption of the device. (ii) We
have demonstrated a MoS, plasmonic photodetector by depositing Au NPs on MoS,
sheet using magnetron sputtering without need of template, which shows a signifi-
cant improvement of photo-response in near-infrared region. The spectral response
of pure MoS, was in visible light and which was extended to near-infrared region
(700-1600 nm). Furthermore, the responsivity reaches up to 64 mA/W when the
incident light is 980 nm. Detailed preparation and discussion of the mechanism are
performed in the chapter.

2. The preparation and theoretical mechanism of spun-coated
WS;-based photodetectors

2.1 The preparation process

The WS, film was grown on sapphire substrate by chemical vapor deposi-
tion (CVD) method and transferred to Si/SiO, substrate by wet transfer method.
The molecular configurations of WS, are shown in Figure 1a. Raman spectra
(Figure 1b), PL spectrum (Figure 1c) and atomic force microscopy (AFM) files
(Figure 1d) reveal monolayer feature of WS, film.

The 3D and cross-section view of the photodetector is shown in Figure 2a, b,
respectively. The light incident normally from the top of the device. The fabrica-
tion was carried out by the following steps. First of all, a 200-nm-thick molybde-
num (Mo) layer was deposited and patterned on WS, layer. Afterwards, the WS,
was patterned (size: 30 x 100 pm) by photolithography and plasma etching to
form active area. Finally, Au NPs solution was spun coating onto the channel and
dried in air. Nearly spherical Au NPs can be seen in the low-resolution transmis-
sion electron microscopy (TEM) image (Figure 2c). The mean diameter of Au
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Figure 1.

The microscopic molecular structures and characterization of monolayer WS, film [22]. (a) Schematic
molecular structuve of 1 L-WS,. The blue and yellow balls present sulfur and tungsten, vespectively. (b) The
Raman spectrum consisted of several characteristic peaks of the WS, film on Si/SiO, substrate acquired with
laser excitation of A = 532 nm. (c¢) PL spectra of 1 L WS, layer. The band gap is about 1.96 eV as shown in the
inset. (d) The AFM height profiles and corresponding AFM image of 1 L-WS,. The thickness is about 0.8 nm.

NPs is ~20 nm (Figure 2d) as shown in the statistical analysis of the TEM images.
Typical low-resolution (Figure 2e) and high-resolution (Figure 2f) scanning
electron microscope (SEM) images of the Au NPs are also presented. The Au NPs
are well distributed on the top of the WS, film.

2.2 The performance of the WS,-based photodetector

The drain-source current (Ips) under illumination at room temperature without
Au NPs are shown in Figure 3a. It is concluded that Ipgincrease as Vpg increase from
0 to 2 V. The irradiance power is 20.5 mW/cm? in all of these three wavelength
(590, 740 and 850 nm). Ipgs decrease with the increase of wavelength. The ratio of
the on/off current (Ips/Iqan) reached nearly 10> under 590 nm light illumination.
The responsivity can be calculated by

R =Ipy/P 1)

where Ipy, is the photocurrent, P is the irradiance power. The responsivity at
Vps = 2 V isillustrated in Figure 3b. The responsivity decrease with the increase of
the power which are typical for photodetectors [24, 25]. R reached 35 A/W at the
wavelength of 590 nm, and reached 1.8 A/W at the wavelength of 850 nm when
irradiance power is both 0.2 mW/cm”. The performance of the photodetector
decoated with Au NPs is shown in Figure 3c. The drain-source current are mea-
sured at the irradiance power of 20.5 mW/cm?. The enhanced Ipg also reached the
highest value at 590 nm and decreased with the increase of the wavelength (2.).

The current gain is defined as

G = Lo/ I )
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Figure 2.

Chgamcterizatz'on of the fabricated photodetector [22]. (a) The schematic 3D view of 1 L-WS,-based
photodetector was presented. The drain/source electrodes are fabricated by Mo. Au NPs (red balls) were spun
coated on the channel. (b) The cross-section view of the photodetector. (c) TEM image of Au NPs. The Au NPs
are well distributed in the solution. (d) The statistics size distribution of Au NPs based on the TEM image. We
can conclude that the mean size of Au NPs is ~20 nm. (e) Low-vesolution and (f) high-resolution SEM images
of the photodetector. Clear electrodes and An NPs can be seen from these images.
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where I,. is the enhanced photocurrent of the photodetector. The current gain
reveals the improvement of the device by Au NPs as shown in Figure 3d when
P =0.2 mW/cm” and Vps = 2 V. The photoresponsivity was enhanced ~30 times
and reached 1050 A/W when A = 590 nm. The photoresponsivity was enhanced
~11 times and reached 55 A/W when A = 740 nm. And the photoresponsivity was
enhanced ~5 times at near infrared light (A = 850 nm) and reached 8 A/W. In gen-
eral, the switching behaviour, which reflect the response speed and high-frequency
characteristic, is very important for photodetectors. The detectors also need to
quickly refresh in some applications such as instant display. Figure 3e presents the
switching behavior at near infrared light (A = 850 nm) of the WS, photodetector.
The photodetector shows a good repeatability during on-off cycles. Moreover, the
on-off characteristic in a period is shown in Figure 3f. The rise and decay time are
about 100 and 200 ms, respectively.

2.3 The theoretical mechanism
To explain the mechanism of the enhancement by Au NPs, we take finite-difference
time-domain (FDTD) method to investigate the distribution of electric field of Au

NPs. According to the Forster’s expression for energy W transferred from donor to
acceptor [24, 25].
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Figure 3.

Visible to NIR light response of the fabricated photodetector [22]. (a) The drain-source current (Ips) changed
by the drain-source bias from —2 to 2 V. The optical power is 20.5 mW/cm? for these three wavelength. (b)
The photo-responsivity changed as a function of the illumination power when Vps = 2 V. (c) The drain-source
curvent of the photodetector with Au NPs at the same irradiance of 20.5 mW/cm?. (d) The curvent gain of the
photodetectors with and without Au NPs when the irradiance is 0.2 mW/cm? and the voltage is 2 V. (e) The
on/off behavior of the photodetector when A = 850 nm. (f) The on-off characteristic of the Au NPs coated
photodetector in a period time. The rise time is about 100 ms and the decay time is about 200 ms.

W = ) Sfa(@) 04(@) IDI* 3)

where W, is the donor’s energy, f;(w) and k are the spectral function and wave
vector of the source, 6,(w) is the absorption of acceptor, D = q/7 is the coupling
coefficient, and r is the distance. The performance could be changed by key param-
eters of Au NPs such as diameter 4 and distance between two particless. In order to
give an intuitive description, simplified models were built. The distance between
the edges of two adjacent nanospheres, s, was fixed on 10 nm. The diameter d was
fixed as 20 nm.

The resonant wavelength can be acquired by SPPs dispersion equation.

€4+ Ep
B =ko\ e 4)

where k is the vacuum wavevector, g, is the relative permittivity of dielectric,
€, is the dielectric function of gold, which can be represented by Drude model.
The mismatch of SPPs and incident wavevector can be compensated by the gold
nanoparticles, which can be approximately presented by

B = vEqko sind + ZTW(Q+ 9) 5)
g

where 6, A,,7 are the horizontal angle of incident wave vector, the grating
period, and an integer, respectively. From Eq. (5), we can see that the absorption
wavelength depends only on the dimension of Au NPs.

The results for the illumination at A =590, 740, and 850 nm are shown in
Figures 4a—c, respectively. It is clear that the intense electromagnetic fields were
introduced by LSPR of Au NPs. The electric field near the Au NPs was signifi-
cantly enhanced and stronger than the rest region, revealing that electromagnetic
energy was compactly confined by the Au NPs. The electromagnetic field was
enhanced more significant when the illumination was under A = 590 nm. The
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Figure 4.

LSPR and carrier transfer of the presented enhanced photodetector [22]. Cross-section distribution of the
square of electric field (|E| 2) near Au NPs under the illumination at the wavelength of (a) 590 nm, (b)
740 nm, and (c) 850 nm. (d) The charge transfer between Au NPs and WS, film.

enhanced electric fields could excite the generation of the carriers in the WS,
film, resulting a prominent photoresponse. The highest responsivity obtained at

A =590 nm (Figure 3b, d) is consistent with the most intense LSPR at A = 590 nm
(Figure 4a). The generation and transportation of the electrons are shown in
Figure 4d. The photons were absorbed by WS, film and the excited electrons were
driven by the drain-source voltage. There are more electrons around the Au NPs as
Figure 4d shows.

3. The preparation and theoretical mechanism of magnetron-
sputtering-based MoS, photodetectors

3.1 The preparation process

Figure 5a, b shows the schematic and optical image of our designed MoS,
plasmonic photodetector by introducing Au NPs, respectively. The few-layered
MoS; sheet was obtained using mechanical exfoliation method. Then, we trans-
ferred the exfoliated MoS, to the SiO,/Si substrate which contacted with Au/

Ni electrodes. Next, we fabricated the Au NPs on exfoliated MoS, sheet using
magnetron sputtering technique. This facile method offers the convenience
of without need of template compared with other reported MoS, plasmonic
photodetectors.

Figure 6 shows the morphology of as-prepared materials was characterized
using an AFM. As shown in Section Al in Figure 6a, b, it indicates the thickness of
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Figures.
(a) Schematic and (b) optical image of MoS, photodetector decorated with Au NPs [23].

exfoliated bare MoS; is just about 6 nm (about 10 folds). In comparison, the surface
morphology of the MoS, after depositing with Au NPs by magnetron sputtering
was shown in Figure 6c—f. It clearly exhibits the physical size and particle distribu-
tion of Au NPs can be easily tuned by sputtering technique. When the sputtering
current increased from 30 mA (LPP1, Figure 6d) to 35 mA (HPP1, Figure 6e) with
deposition period fixed to 1's, we obtained the controllable Au NPs with lateral

size increasing from ~3 to ~5 nm and vertical height increasing from ~5 to ~8 nm,
respectively. For another, if we fixed the applied current to 30 mA and prolonged
the deposit period to 2 s (LPP2, Figure 6f), the Au NPs maintain almost same physi-
cal size as LPP1 but the gap of adjacent deposited Au NPs sharply drops compared
with LPP1.

3.2 The structure of the MoS,-based photodetector

In order to investigate chemical composition of the prepared materials, the
X-ray photoelectron spectroscopy (XPS) was employed. As shown in Figure 7, The
peaks at 229.2 and 232.3 eV correspond to the doublet of Mo 3ds/, and Mo 3d32,
respectively. And the peaks of 226.3, 162.1 and 163.2 eV of the binding energy attach
tothe S 2s, S 2ps3/; and S 2py,, respectively [26, 27]. For Au 4f, the peak positions of
83.6 and 87.2 eV bind to the Au 4f;, and Au 4f5/5, indicating the Au NPs are directly
introduced into the exfoliated MoS;, sheet [28]. More importantly, the banding
energies of Mo and S in Au decorated MoS, maintain the same values as that of bare
MoS,; sheet, indicating the introduction of Au NPs has non-influence on the crystal
structures of exfoliated MoS, sheet.

Further, we used Raman spectroscopy of 532 nm laser to confirm the structural
properties of the fabricated devices. For MoS,, the difference of Elzg and Ay, A,
corresponding to in-plane and out of plane energy vibrations, is used to index the
layer number of obtained MoS,. Figure 8a shows the A of bulk MoS, and our exfoli-
ated Mo$S, are 27.8 and 25.3 cm™’, respectively, indicating that the thickness of bare
MoS,; is about 10 layers [29], which is highly consistent with the AFM results. After
decorating Au NPs with MoS,, it exhibits the A maintains nearly same as bare MoS,
but the intensities obviously increase, shown in Figure 8b, c.

3.3 The performance of the MoS,-based photodetector
The photoelectric performance of the fabricated photodetector was studied at

room temperature, which applied a 980 nm laser source with controllable incident
power. In order to produce the laser beam pulses, we combined an oscilloscope to
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AFM images of as-prepared bare MoS, and MoS, modified with Au NPs [23]. (a) Height of exfoliated bare
MoS, sheet. (b) Height vs. distance plot of bare MoS,, correspond to the Section A1 in (a). (c) Morphology
of bare MoS,, corvespond to the Section A2 in (a). Height of Au NPs decorated MoS, sheet for (d) LPP1, (e)
HPP1 and (f) LPPa.
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Figure 7.
XPS plots of bare MoS, and Au NPs decorated MoS, [23].

the incident laser source. Figure 9a shows the photocurrent plots of photodetector,
where the illumination power and bias voltage are 1.60 mW and 2 V, respectively.
Obviously, the Au NPs/MoS; heterostructure-based photodetector exhibits an ultra-
high photocurrent (8.6 nA) compared with that of bare MoS,-based photodetector
(0.59 nA).

Figure 9b shows the plots of photocurrent vs. applied bias voltage ranging
from 0.1 to 15 V. We obtained a photocurrent up to ~480 nA, when the applied
incident laser power and bias voltage were 7.50 mW and 15V, yielding an improved
responsibility of 64 mA/W. Moreover, the I-V plots indicate the photocurrent owns
a good linear relationship with applied bias voltage, when the illumination intensi-
ties tuned from 0.85 to 7.5 mW. For another, Figure 9c shows the dependence plots
of photocurrent (I,n, nA) on laser power irradiation (Pj,, pW). It is found that the
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Photoelectrical performances of Au NPs/MoS,-based photodetector [23]. (a) IV plots of photodetectors
based on bare MoS, and Au NPs decorated MoS,. (b) I-V scatters of Au NPs/MoS,-based photodetector with
different laser power irradiation ranging from 0.85 to 7.50 mW. (c) Photocurrent as a function of laser power
under bias of 15 V. (d) Stability of the fabricated Au NPs/MoS,-based photodetector. (e) Time response of the
fabricated Au NPs/MoS,-based photodetector.

photocurrent follows a nonlinear dependence to the incident power intensity, aP;,”,
where a and b are constant for different bias voltage. For example, when the bias
voltage are 15 V the fitting @ and b are 3.37 x 10> and 1.34, respectively.

With respect to the stability of the photodetector, we performed the extended
duration photocurrent measurements by periodically switching the incident laser
under illumination of 3.20 mW at bias of 5V, and the periods of both on and
off state are 5 s. Figure 9d shows the photocurrents over 500 circles of continu-
ous operation, exhibiting a well stability. Moreover, in order to characterize the
response time for detecting infrared wavelengths of our designed device, we
applied an oscilloscope in the process of laser excitation to produce laser pulses with
a duration of 10 ms. Figure 9e shows the time-response of Au decorated MoS,-
based device under illumination of 7.50 mW at bias of 15 V. It indicates that the rise
time (ty;s.) and fall time (¢g,;) are 2.4 and 2.6 ms, respectively, which are signifi-
cantly superb to that of other reported MoS, photodetectors.
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3.4 The operational mechanism

In order to study the potential mechanism of our fabricated photodetector, we
simulated the electric field distribution of Au decorated MoS, using finite element
method in the infrared region. We assumed that the Au NPs with a gap of 6 nm
and a diameter of 5 nm under illumination of a linearly polarized plane wave with
an electric field amplitude of 1 Vm™ for the simulated model. And the thicknesses
of MoS, sheet and incident laser wavelength were 6 and 980 nm, respectively.
Figure 10a, b shows the cross-section of the simulated electric field distribution
of AuNPs decorated MoS,. Benefiting from the LSPR effect excited by the Au NPs,
when the diameter matched to the incident wavelengths, the intensities of electric
field at interfaces of air/Au/MoS,, up to ~3.96 x 10° V/m, are obviously higher than
other districts. In comparison, interfaces of air/MoS, show a poor intensity of
electric field, only about 6.72 x 10* V/m. This tendency can be also observed in the
recent researches of Au NPs guided MoS, sheets for photo-detection [30]. We fur-
ther experimentally proved the absorption by using UV-visible-NIR spectroscopy
analysis. Figure 10c shows the absorption spectrum of bare MoS, sheet Au NPs
decorated MoS,. The normalized absorptance plots indicate that the Au NPs/MoS; is
obviously enhanced than that of bare MoS, ranging from 700 to 1600 nm.

The above results and discussion clearly unveil the introduction of Au NPs
plays a key role in enhancing the light matter interactions of MoS, with infrared
wavelengths. The significantly improved sensitivity of the fabricated photodetec-
tor could be attributed to the LSPR effect, shown in Figure 10d, induced by the
periodically aligned Au NPs, resulting in obvious improvement of local electric
field. When the incident infrared wavelengths highly confined by the deposited
Au NPs, the local electric field at the interface of Au/MoS, is greatly improved by
the surface plasmon waves. Firstly, the Au surface plasmons effectively excite a
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Figure 10.

Cross-section of the simulated electric field distribution for (a) Au NPs/MoS, sensing layer and (b) air/
Au/MoS, interfaces. (c) Absorptance plots of bare MoS, sheet and Au NPs decorated MoS, using sputtering
method. The solid and dashed lines corvespond to the experimental and fitted results, vespectively. (d)
Schematic vepresentation for the operational mechanism of the fabricated Au NPs/MoS, device [23].

90



Simple Preparations for Plasmon-Enhanced Photodetectors
DOI: http://dx.doi.org/10.5772/intechopen.89251

coupling effect at the interface of Au/MoS, for absorbing photons, yielding a much
more photo-induced carriers to improve the photo sensing [30, 31]. Moreover, the
additional local electric field generated by the LSPR effect of Au NPs accelerates the
photogenerated carriers to separate for producing photocurrent [32, 33]. This facile
method, tuning Au NPs by sputtering method to excite LSPR effect for fabricating
the unique device structure, is expected to be practical applications in other 2D
materials such as WS, and MoSe, [34-36], thus offers a new route on a variety of
high-performance optoelectronic devices.

4, Conclusion

High performance photodetectors are very important in a lot of applications.
We have successfully developed two simple methods to prepare plasmon-enhanced
photodetectors. (i) Au nanoparticles (Au NPs) solution were directly spun coated
onto the WS,-based photodetectors. The performance has been enhanced by the
LSPR of Au NPs, and reached an excellent high responsivity of 1050 A/W at the
wavelength of 590 nm. (ii) Au NPs were deposited on MoS, by magnetron sputter-
ing. The spectral response of pure MoS, was located in visible light and which was
extended to near-infrared region (700-1600 nm) by Au NPs. Further, the respon-
sivity reaching up to 64 mA/W when the incident light is 980 nm. These photo-
detectors achieved excellent responsivity and response speed. The results not only
promote the development of high-performance photodetectors, but also provide a
simplified method for the fabrication of other hybrid structure devices.
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Chapter 6

Nanomanipulation with Designer
Thermoplasmonic Metasurface

Chuchuan Hong, Sen Yang and Justus Chukwunonso Ndukaife

Abstract

Plasmonic nanoantennas provide an efficient platform to confine electromag-
netic energy to the deeply subwavelength scales. The resonant absorption of light
by the plasmonic nanoantennas provides the means to engineer heat distribution at
the micro and nanoscales. We present thermoplasmonic metasurfaces for on-chip
trapping, dynamic manipulation and sensing of micro and nanoscale objects. This
ability to rapidly concentrate objects on the surface of the metasurface holds
promise to overcome the diffusion limit in surface-based optical biosensors. This
platform could be applied for the trapping and label-free sensing of viruses,
biological cells and extracellular vesicles such as exosomes.

Keywords: metasurface, nano-antenna, thermoplasmonic, optofluidic,
nano-tweezer

1. Introduction

As an important category of metamaterials [1-4], which are artificial structures
designed to achieve unique properties not occurring in nature, electromagnetic
metasurfaces are able to provide unique electromagnetic responses for complete
control over the phase, amplitude or polarization of light in a two-dimensional
platform [5-9]. There are numerous kinds of applications that can be enabled by
metasurfaces including holograms, metalens, near-eye displays, vortex beam
generators and compact Spatial Light Modulators (SLM) [9-12] (Figure 1).

A meta-atom is the building block of a metasurface and it is usually a resonator
made of either plasmonic or dielectric materials. In this section, we will focus on
plasmonic metasurfaces to emphasize the significance of plasmonic metasurfaces for
diverse applications, including on-chip optical trapping and optofluidic control. We
will also present thermoplasmonic metasurfaces capable of inducing microfluidic
motion in microchannels based on electrothermoplasmonic (ETP) effect, and discuss
their role in on-chip nanoparticle trapping and manipulation [16-19].

Noble metals such as gold (Au) or silver (Ag) are typically used as plasmonic
materials at visible or near-IR frequencies. Due to their ability to sustain plasmon
oscillation, a well-designed metallic nanostructure can confine light in a very tiny
volume, which generally creates a smaller mode volume than dielectric structures,
especially at the resonance frequency. Hence, plasmonic resonators can tightly
confine light in a tiny region so that they largely enhance the local electric field
intensity. Furthermore, due to the Ohmic losses, the plasmonic materials generate
heat under illumination. The enhanced local electric field results in efficient local
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Figure 1.

V(,zgrl;ous applications based on metasurfaces. (a) SEM image of metasurface lens composed of silicon nano-post
array. (b) SEM image of a vortex beam genevator made of silicon nano-post array. (c) A plasmonic
metasurface hologram insensitive to light polarization states. (d) A vortex beam opto-multiplexer and
demultiplexer made of gold at terahertz. (e) A titanium dioxide metasurface enhancing third harmonic
generation to produce ultraviolet light. Images: (a) and (b) are adapted from [9] Copyright © 2016 American
Chemical Society, (c): [13] Copyright © 2018 American Chemical Society, (d) [14] Copyright © 2017
American Chemical Society and (e) [15] Copyright © 2019 American Chemical Society.

heating. Although, several research works in the literature have considered the loss
in plasmonics as detrimental, it is now known that the loss in plasmonics can be
beneficial to fast on-chip nano-particle manipulation [17, 20]. The loss-induced
heating effect has given rise to the burgeoning field of thermoplasmonic
metasurface.

2. Optical trapping and optical tweezers

Optical tweezer, which employs a tightly focused laser to trap microscopic
objects have proven to be a versatile tool for many scientific researches such as in
biophysics [21] and was recently recognized with a 2018 Physics Nobel prize. The
initial experiment to trap particles with a laser beam used two counter-propagating
loosely focused beams to localize the particles at a node of the generated standing
wave, and this was reported by Arthur Ashkin and his colleagues in 1970 [22].
Subsequently, a single beam optical tweezer, which employs a tightly focused laser
beam to achieve three-dimensional manipulation and trapping of microscale parti-
cles was demonstrated in 1986 [23]. Dielectric particles are trapped when the
refractive index of the particles is higher than the refractive index of the surround-
ing medium.

Generally, the optical force is decomposed into two parts, the gradient force and
the scattering force. The scattering force is also called radiation pressure and acts in
the direction of light propagation. The gradient force is the significant part in single
beam optical trapping procedure, because it is oriented perpendicular to the axis
and push particles towards a region with higher optical intensity. Thus, the gradient
force ensures that a particle is trapped in an optical tweezer. The total optical force
induced on a particle can be determined by Maxwell’s Stress Tensor method (MST).
When the size of the particle is much smaller than the wavelength of trapping light,
the particle can be considered as a dipole, so that the dipole approximation can be
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applied to simplifying the calculation of the optical force [24]. The detailed deriva-
tion of MST and dipole approximation can be obtained in Ref. [25].

In biological applications, target particles range in size from micrometer size
scales such as cells and nanometer length scales such as viruses, protein molecules
and vesicles. Trapping nanoscale particles is challenging in free-space optical twee-
zers. There are two main challenges faced by researchers using optical tweezers.
The first challenge arises because the value of the gradient force is proportional to
the third power of the radius of the particles in the quasi-static limit. Secondly, the
optical gradient force is proportional to the gradient of light field intensity, and it is
thus limited because the diffraction limit limits the achievable gradient in the light
field intensity. One approach explored by Ashkin to increase the trapping stability
for nanoscale objects in free-space optical tweezers involves the use of very high
optical powers. However, this results in serious damage to the objects being
trapped, a process termed opticution.

3. Plasmonic optical tweezers

In order to overcome the limit on particle size that can be trapped in conven-
tional optical tweezers, plasmonic optical tweezers have been proposed Novotny
et al. [17, 26-33]. Plasmonic optical tweezers employ plasmonic nanoantenna,
which can squeeze light to nanoscale volumes comparable to the size of the target
particles, thus significantly enhancing the gradient force applied on nanoscale par-
ticles. Unlike the light-matter interaction between dielectric materials and electro-
magnetic wave, plasmonic materials uniquely react to the light field through free-
electron-photon coupling to generate a specific type of surface wave called surface
plasmon polariton (SPP). Furthermore, a subwavelength plasmonic particle will
efficiently couple to propagating light to generate localized surface plasmon reso-
nance (LSPR) and further enhance the electric field due to this resonance. These
phenomena permit light to be strongly localized at deep subwavelength scales.
Besides, surface plasmon structures offer additional advantages on lab-on-a-chip
manipulation due to its compatibility with integrated photonics devices [34, 35].

There are two main challenges with the use of plasmonic nanoantennas for near-
field nano-optical tweezers. These challenges include the Ohmic loss in the mate-
rials, which invariably results in loss-induced heating, and the need to rely on slow
Brownian diffusion to transport particles towards the illuminated nanoantenna. The
Ohmic loss in plasmonic materials at visible or near-IR is inevitable. It will not only
hamper the efficiency of particle trapping due to the need to generate enough
trapping potential energy to overcome the Brownian motion and possible
thermophoretic force, but the heat generated by Ohmic loss would be problematic
in many experiments. Though the light field is tightly confined near an illuminated
plasmonic nanoantenna leading to very high field intensity enhancement [16],
which are advantageous for particle trapping, the damage from temperature rise
due to this field enhancement affects the experimental trapping stability in several
ways. Experimentally, bioparticles are vulnerable in an environment with increas-
ing temperature. Furthermore, excessive photothermal heating could deform the
plasmonic nanoantenna [36]. In aqueous solutions, this heating effect would even
generate bubbles by boiling the water and disrupt the entire experiment. Wang
et al. demonstrated that by integrating a heat sink in plasmonic tweezers made up of
layers of high thermal conductivity materials, the adverse effects arising from the
heating effect can be mitigated [37].

Rather than treating the photothermal heating effect as detrimental in plasmonic
nanotweezer experiments, plasmonic heating can be harnessed to enable new
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functionalities in near-field nano-optical trapping. Ndukaife et al. proposed and
demonstrated that thermal effect due heating loss can actually promote the trapping
process thereby eliminating the need to rely on slow Brownian diffusion to deliver
particles towards the plasmonic nanotweezer [18, 20]. This new platform, referred
to as electrothermoplasmonic tweezers harnesses the localized photothermal
heating from an illuminated plasmonic nanoantenna to establish a thermal gradient
in the fluid. The thermal gradient results in a gradient in the permittivity and
electrical conductivity of the fluid. An applied AC electrical field acts on these
gradients to result in rapid microfluidic flow motion, which transports particles
towards the plasmonic hotspot. This typical fluid motion is called electrothermo-
plasmonic (ETP) flow. Under this condition, heating effect actually speeds up the
loading procedure and converts the slow traditional diffusion-based particle loading
of conventional plasmonic nano-tweezers into a fast and directional particle loading
in electrothermoplasmonic tweezers. The technique works with small temperature
rises of a few degrees and only the thermal gradient needs to be optimized, thereby
making it suitable for handling biological objects.

By all means, plasmonic optical tweezers are promising and especially useful
for manipulation of extremely small particles. By careful thermal engineering to
mitigate excessive heating effect, plasmonic optical tweezers can be utilized to
enable many applications.

4. Electrothermoplasmonic, electro-osmotic and thermophoretic effects

As mentioned in the previous section, the heating effect from plasmonic
nanoantennas can be utilized to enable new capabilities in near-field nano-optical
trapping. The physics nature behind this kind of trapping comprises the interplay of
multiple physical phenomena. In this section, we describe several forces that can be
experienced by objects in electrothermoplasmonic tweezers in the presence of opti-
cal illumination and applied AC electric field. To understand how the thermal effect
influences the trapping process, we firstly look at the thermophoresis phenomenon,
which is the motion of particles or molecules in the presence of thermal gradients.
Unlike the normal diffusion process due to Brownian motion, thermophoresis is
induced by a temperature gradient VT to cause the drifting of particles. In most
cases, particles prefer to move towards the region of lower temperature, away from
the plasmonic nanoantenna. This trend is called “thermophobic” behavior or posi-
tive thermophoresis. However, this motion can be reversed in certain instances
whereby particles will move towards the region of higher temperature, which is
called “thermophilic” behavior, also known as negative thermophoresis.

Quantitatively, in a diluted suspension (particle weight fraction w < < 1), the
mass flow J can be written as [38, 39]:

J~ —DVc —cD7pVT, (1)
where D and D7 are the Brownian diffusion coefficient and thermodiffusion
coefficient, respectively.c denotes the concentration. In diluted concentrations,

thermodiffusion velocity is generally assumed to be linearly dependent on the
temperature gradient VT with the thermodiffusion coefficient Dr:

v =—-DyVT (2)

Under steady-state, the thermodiffusion is balanced by ordinary diffusion and
the concentration coefficients are related in an exponential law:
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¢/co = exp [~(Dr/D)(T — To)] (3)

Finally, the thermophoretic force induced by thermal gradients on a particle in
the fluid is given by [40]:

Fiherm = _I<hT(Z)STVT 4)

Here, K}, stands for Boltzmann’s constant and T'(z) corresponds to the tempera-
ture at a given position z. Soret coefficient Sy is defined as the ratio: St = D7 /D,
which depicts how strong the thermodiffusion is at steady state. The Soret coeffi-
cient is influenced by many factors including temperature, size of the particles,
surface charge of the particles and ions in the solvent. From Eq. (4), we concluded
that the thermophoretic force is proportional to Soret coefficient but with opposite
sign. It is useful to know that Soret coefficient is also temperature dependent and
flips its sign from positive to negative by decreasing temperature, as expressed in
Eq. (5) [38, 39]. ST represents a high-T thermophobic limit and T* is the tempera-
ture where St switches sign, and T° embodies the strength of temperature effects.
At that moment, force applied onto particles switches its orientation from
“thermophobic” to “thermophilic” behavior.

Sp(T) = S {1 — exp (T*T; T)] 5)

The direction of the thermophoretic force can be tuned from a repulsive to an
attractive force by tuning the interfacial permittivity of the electrical double layer
(EDL) surrounding the particles in solution. The EDL exists on the surface of an
object when it is exposed to a fluid. The object could be a small charged particle
floating inside the liquid or a surface coated with fluid. The charged object attracts
counterions from the solution to screen the surface charge. This layer is called the
Stern layer. This charged object consequently attracts ions from the liquid with
opposite charge via Coulombic force to electrically screen the first layer and the
particle. The second layer is called diffuse layer. The potential difference across the
diffuse layer is defined as Zeta potential, . The charges in the diffuse layer are not
as tightly anchored to the particle as the first layer and the thickness can be affected
by tangential stress [41].

Based on Anderson’s model [42], the thermophoretic mobility of the particle is
associated with its Zeta potential.

e 24 alne\ ,
Dp=—— 1
r 2;7T2A1+Ap< +0lnT>C ©)

where ¢ is the solvent permittivity, and A; and A, are the thermal conductivities
of the solvent and the particle, respectively. In bulk water, for example, the differ-
ential permittivity change with temperature 222 = —1.4 at room temperature. In
building up the model of ET flow numerical analysis, this term can be taken into
account to ensure the accuracy of the results [16]. Inside an EDL, however, the
value of gf;‘; can reach +2.4, which is crucial to reverse the Soret coefficient and
induce a negative thermophoresis behavior. Hence, one way to induce negative
thermophoresis behavior is to ensure that an EDL has been established, by charging
the surface of the particles. Adding surfactants, such as Cetyltrimethylammonium
Chloride (CTAC), for example, into particle solution can help to build up an EDL on
the particles [27].
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The photothermal heating of the fluid by the plasmonic nanoantennas can also
be utilized to induce strong electro-convection fluidic motion, which is called
electrothermal (ET) effect. When the temperature inside fluid is no longer uniform
due to a thermal gradient, a gradient in the permittivity and the conductivity of
the fluid will induced as well. In such a system, a local free charge distribution must
be present if Gauss’s Law and charge conservation are to be satisfied simulta-
neously. When an AC electric field is applied, both free and bounded local charge
density responds to the applied electric field so that a non-zero body force is
generated on the fluid:

1
fET =pE — 5|E‘2V5m )

After perturbative expansion in the limit of small temperature gradient, the
force density is expressed as [43]:

ela—pP)(VT.E)E*

o +iwe

1 1
.hT=§k{ +TMHWT} (8)

where a = 1/, 42 and = 1/, 92. ¢ stands for permittivity and ¢ stands for conduc-
tivity. w is the AC frequency. So far, the body force is decomposed into two parts:
the first term on the right-hand side of Eq. (7) is the Coulombic force, and it
increases as AC frequency goes down. It is worth mentioning that this electrother-
mal flow is able to generate a fast flow to rapidly transport particles from a long
distance of several hundreds of microns to the hot spot. One no longer need to wait
for particles to diffuse through Brownian motion into the target region to be
successfully trapped.

Based on this concept, a novel plasmonic nano-tweezer called electrothermo-
plasmonic tweezers using a single plasmonic nanoantenna was invented [18, 44].
In this platform, a plasmonic nanoantenna is illuminated causing the surrounding
fluid near the nanoantenna to be slightly heated up due to the Ohmic loss nature of
plasmonic materials. Localized heating of fluid medium induces local gradients in
the fluid’s electrical conductivity and permittivity. An applied AC electric field acts
on these gradients to induce an electrothermal microfluidic flow, which acts to
transport particles towards the illuminated plasmonic nanoantenna.

The electrothermal flow from plasmon-induced heating can be modeled through
the solution of the electromagnetic wave-equation, heat equation and the Navier-
Stokes equation. Mathematically, we can solve the wave equation to find the electric
field in the vicinity of the plasmonic nanoantenna:

V x (VX E) —k3e(r)E=0 9)
The heat source density generated by plasmonic heating is calculated using

the electric field distribution and the induced current density representing the
energy loss:

q(r) =5 Re (J - E*) (10)

The temperature field distribution is determined by solving the heat equation
below:

V - [-kVT(r) + pcpT(r)u(r)] = ¢(r) (11)
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Finally, the Navier-Stokes equation is solved to find the velocity of the fluid:
po[u(r) - Vu(r) + Vp(r) — nV?u(r) =F, (12)

where F here is the electrothermal force described in the prior section [43].

We have also established the theoretical framework between the ETP flow velocity
with laser power and external AC electric field. It is noted that the ETP flow
velocity scales linearly with laser power and quadratically with AC electric field
amplitude [16].

Electro-osmotic flow is another category of body flow happening in a
microfluidic channel [45]. Electro-osmosis occurs when tangential electric field acts
on the loosely bound charges in the EDL along the channel walls. Because of the
existence of electrical double layer, near the charged channel walls the tangential
electric field will act on the EDL charges to induce an electro-osmotic flow with
slip velocity given by:

Us = — %E” (13)

n

where E| is the tangential component of the bulk electric field, n is the fluid
viscosity and { is the zeta potential. When there is a plasmonic structure existing
inside a microfluid channel on the channel wall, this plasmonic structure perturbs
the AC electric field, resulting in a non-zero tangential component of the AC
electric field. For instance, Jamshidi or Hwang and their colleagues integrated
photoconductive material as the electrode of applied bias inside a microfluidic
channel to design a so-called “NanoPen” device for dynamical manipulation on
particles using low-power laser illumination [46, 47].

This perturbed external electric field not only contributes to electro-osmosis, but
could also induce a dielectrophoretic force on the suspended particles [48]. Particles
experience dielectrophoresis only when the external field is non-uniform and the
force that particles feel, the DEP force, does not depend on the polarity of the AC
field. DEP can be observed both in AC or DC electric field. There is a crucial
evaluator for DEP force direction called Clausius-Mossoti factor.

€ — &
K= 14
€ +2¢e; (14)
In terms of Clausius-Mossoti factor, the DEP force is expressed as:
FDEP = 21‘581R3I(VE% (15)

From which, we understand DEP force is proportional to particle volume and
magnitude of K. The direction of DEP force is along the gradient of the electric field
intensity and its sign depends on the sign of Clausius-Mossoti factor.

In AC field and lossy medium, the Clausius-Mossoti factor is frequency depen-
dent and it is given by:

ey —¢gf 01 (o)
K=2 "8 o o+ D andel =g+ 2 16
o y2e 1 Tt mAa mat (16)

The Clausius-Mossoti factor determines whether the DEP force is attractive or

repulsive ant it depends on the frequency of AC field and electric properties of
particles and medium.
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So far, we have briefly introduced the main mechanisms which could occur in
plasmonic nanotweezers. The physical phenomena could be harnessed to introduce
new capabilities in plasmonic nanotweezers. A recent article [49] has proposed the
use of DEP force to promote particle transport towards plasmonic resonators.

5. Thermoplasmonic nanohole metasurface

In this section, we discuss thermoplasmonic nanotweezer based on nanohole
metasurface [50], which enables high-throughput large-ensemble nanoparticle
assembly in a lab-on-a-chip platform. As mentioned in previous sections, optical
metasurfaces achieve control over the properties of light. Besides the optical
response, thermoplasmonic metasurfaces allow to engineer the thermal response at
micro and nanoscale. Upon illumination of metasurface, the combination of optical
and thermal effects enables robust large-ensemble many-particle trapping.

The nanohole metasurface comprises of an array of subwavelength nanoholes in
a 125 nm thick gold film and illuminated with a laser of 1064 nm wavelength. This
nanohole metasurface serves as a plasmonic resonator supporting both the localized
surface plasmon resonance (LSPR) and Bloch mode surface plasmon polariton
(SPP). Due to the plasmon response, electromagnetic field is confined near the rims
of the nanohole and the region in between nanohole, as depicted in Figure 2. This
enhances the photothermal conversion efficiency and hence higher temperature rise
under illumination of the structured plasmonic film. As predicted, when an external
AC field is applied onto the nanohole metasurface, a long-range electrothermo-
plasmonic (ETP) flow is generated inside the fluid, bringing particles from long
distance towards the hot spot. Simultaneously, because of the existence of nanohole
array, the AC electric field in the channel is no longer uniform but tangential
components are created, which induces AC electroosmotic flow. The numerical
simulation results of electroosmotic flow are depicted in the Figure 3.

For the experimental demonstration, the gold metasurface is fabricated using
template stripping method on a silicon wafer. Using standard nanofabrication pro-
cedures, an array of nanoholes are fabricated on a silicon wafer, which is the same
dimension and scale as the nanohole array on gold film. A 125 nm gold film is then
deposited onto this silicon template using an electron beam evaporation process.
Finally, a UV-sensitive curing-agent was uniformly spread onto the gold film and
covered by an ITO-coated glass substrate with the same size as the silicon template.

Figure 2.

Electric field distribution of one of the single nanoholes by numerical simulation. Adapted with permission from
Ref. [50]. Copyright (2018) American Chemical Society.
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Figure 3.
Velocity profile of the induced AC electro-osmosis flow from numerical simulation. Adapted with permission
from Ref. [50]. Copyright (2018) American Chemical Society.
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Figure 4.
Hllustration of microfluidic chip coupling with nanohole plasmonic metasurface. Adapted with permission from
Ref. [50]. Copyright (2018) American Chemical Society.

After UV illumination is applied to harden the curing-agent, the gold film layer is
stripped off and transferred to a glass substrate by gently inserting a blade in
between the gold film and silicon template due to the weak attachment between
gold and silicon. The silicon template can be cleaned by soaking in hydrogen per-
oxide and sulfuric acid solution in the ratio 3:1 to remove the organics on the surface
and any remaining gold flakes on the template. Furthermore, the residual gold
remaining on the template can be removed thoroughly by a gold etchant. The
template can be reused multiple times.

To make the gold nanohole metasurface into a microfluidic chip, another ITO-
coated glass coverslip is placed above the nanohole array sample, with a 120 pm
dielectric spacer in between. For the trapping experiments, a dilute solution of 1 ym
PS beads was injected into the channel. AC electric field is applied in between the
ITO-coated glass cover slip and gold film. A 1064 nm laser illumination is focused
on the nanohole array. The mechanism of particle trapping in the thermoplasmonic
nanohole metasurface channel is depicted in Figure 4. The strong photo-induced
heating in combination with an applied AC electric field creates the ETP flow that
enables long-range capture and transport of particles towards the laser position. The
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particles brought close to the nanohole array are trapped by the optical gradient
force. In the lateral direction, the particle-particle separation distance is tuned by
the dipole-dipole repulsion force between the particles [51, 52].

Under the microscope, when both laser illumination and AC electric field is
turned on, particles are seen moving very directionally towards the nanohole
metasurface. By selectively turning on and off AC electric field, particle-particle
spacing can be controlled dynamically, due to the polarization of the particles
induced by AC electric field. Briefly, particles are polarized by the AC field and a
dipole-dipole repulsive force creates an in-plane interparticle separation between
them. The ETP flow is measured experimentally using microparticle image
velocimetry and its radial velocity is shown in Figure 5(a).

Experimental images of trapped particles on the surface of the nanohole array
are depicted in Figure 5(b). When both the laser illumination and the AC electric
field are applied, the particles are trapped with a certain interparticle spacing
between them due to the in-plane dipole-dipole repulsion force. When the AC field
is turned off, with the laser still on, the AC electric field-induced dipole-dipole
repulsion force disappears, and the assembly becomes more compact.

They also show that the ETP flow induced by the array of nanohole is higher
than that can be achieved with a single nanohole or an unpatterned gold film. The
plasmonic resonance induced by patterned nanohole truly enhances the electro-
thermal effect. These results obtained from micro-particle image velocimetry anal-
ysis are depicted in Figure 6.

(a)

(b)

[

Figure 5.

(a) Experimentally measured radial velocity of the ETP flow (b) sequence of trapping and particle assembling
of 200 nm diameter polystyrene beads on the surface of the plasmonic nanohole array when AC field is
alternatively turned on and off. Adapted with permission from Ref. [50]. Copyright (2018) American
Chemical Society.
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Figure 6.

The nanohole array enables an enhanced ETP flow that is higher than the velocity induced when the planer film
or a single nanohole is excited. Adapted with permission from Ref. [50]. Copyright (2018) American Chemical
Society.

6. Conclusion

We have introduced the importance of plasmonic metasurface for applications
in optical trapping, nano-tweezers and tiny particle manipulation, by demonstrat-
ing a nanoparticle trapping approach that utilizes a thermoplasmonic nanohole
metasurface. The application of laser illumination and a.c. electric field results in
new physical effects such as electrothermoplasmonic flow and a.c. electroosmosis
that can work in concert with optical gradient forces to enable to new advanced
features in micro and nanoparticle manipulation. The recent reports in the literature
as articulated in this section shows that the intrinsic loss in plasmonic systems is not
always detrimental but could work in synergy with the high electric field enhance-
ment to realize advanced lab-on-a-chip devices in nanomanufacturing,
nanophotonics, life science and quantum optics.
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Abstract

Recent developments in nanoplasmonic sensors promise highly sensitive detec-
tion of chemical and biomolecular analytes with quick response times, affordable
costs, and miniaturized device footprints. These include plasmonic sensors that
transduce analyte-dependent changes to localized refractive index, vibrational
Raman signatures, or fluorescence intensities at the sensor interface. One of the key
challenges, however, remains in producing such sensors reliably, at low cost, using
manufacturing compatible techniques. In this chapter, we demonstrate an approach
based on molecular self-assembly to deliver wafer-level fabrication of nanoplas-
monic interfaces, with spatial resolutions down to a few nanometers, assuring
high quality and low costs. The approach permits systematic variation to different
geometric variables independent of each other, allowing the significant opportunity
for the rational design of nanoplasmonic sensors. The ability to detect small mol-
ecules by SERS-based plasmonic sensing is compared across different types of metal
nanostructures including arrays of nanoparticle clusters, nanopillars, and nanorod
and nanodiscs of gold.

Keywords: nanofabrication, self-assembly, nanoplasmonic sensor, nanoarray,
nanoclusters, nanopillar, nanoparticle, hot spots

1. Introduction

The optical properties of metal nanostructures and nanoarrays have been
widely investigated in the context of exploiting particle plasmons to derive high
performance within chemical and biosensing devices. These include sensing
of range of analytes to diagnose the medical status of an individual [1]; detect
the presence of chemical or biowarfare agents [2, 3], toxins, or adulterants in
food [4]; or assess/monitor air, water, and soil quality in the environment [2, 5].
Plasmonic sensors offer a range of advantages over other analytical tools includ-
ing high analytical and calibration sensitivity, quick response times, label-free
detection opportunities, ease of integration within different sensor form factors,
and the need for simple and portable instrumentation. Plasmonic sensors rely on
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metal nanostructures that act as nanoantennae to concentrate and enhance the
electromagnetic field close to surface [6]. The enhanced EM field can be leveraged
within different configurations, namely, localized surface plasmon resonance
sensors (LSPR) that follow analyte-induced changes to local refractive index or
report vibrational Raman or fluorescence intensities with high signal-to-noise
ratios using surface-enhanced Raman spectroscopy (SERS) and metal-enhanced
fluorescence (MEF), respectively. In all these cases, the performance of the sensor
is critically linked to the optical properties of the plasmonic structures, which in
turn correlates with their geometric attributes, namely, size, shape, aspect ratios,
separation, distribution, and roughness. Control over geometries is the key to
engineering profiles and intensities of the electromagnetic field around plasmonic
nanostructures, which in turn determines the performance of the plasmonic
transducer. The typical length scales for characteristic dimensions of
plasmonic nanostructures correspond to spatial resolutions of few nanometers
to few tens of nanometers. Geometric features such as pointed structures or
nanoscale gaps have shown to concentrate and enhance EM field, thus acting as
EM hot spots, as a function of decreasing radius of curvature or gap distances,
with length scales down to sub-10 nm regime [7]. Enhanced EM fields at gap hot
spots have shown to result in enhancement factors of the order of a million- to
billion-fold in practice. A sizeable contribution to observe SERS signals (24%
of the overall intensity) was observed to be rising out of <100 molecules per
million when these molecules are positioned in EM hot spots with EM enhance-
ment factors of the order of 10°~10" [8]. The EM hot spots help enhance the
sensitivity of different plasmonic sensors, and especially those based on enhanced
spectroscopies, namely, SERS and MEF. Gaining high sensitivity would thus be
largely determined by the quality and number of EM hot spots [9]. However,
addressing the production of EM hot spots with length scales of the order of only
a few nanometers pose a profound and non-trivial challenge for nanofabrica-
tion. Traditionally, such hot spots have been attained as a natural consequence
of stochastic growth or deposition processes [10, 11], including electrochemical
growth or roughening, de-wetting of nanoparticles or salts from solution phase
[12-14], and de-wetting of thin films on the surface. The stochastic processes,
by nature, result in a broad standard deviation in geometries, which reduces the
number of most efficient hot spots and also leads to greater spot-to-spot variabil-
ity in signal intensities [15, 16]. The randomness in geometry makes it particularly
hard to predict response, to identify the source of issues, and to adopt a rational
approach to optimize performance. Geometries with improved definition have
remained forte of top-down lithography tools, for example, E-beam lithography,
focused ion-beam milling, and X-ray interference lithography, which are all very
time-consuming and also quite expensive [17-19]. The throughput and cost of
fabrication is not only an issue for manufacturing but also reduces the efficacy of
research due to the limitation in the number of samples available for investiga-
tions [20] (Figure 1). From the manufacturing perspective, the throughput of the
process would be a key determinant of the cost, which is driven to <$5 per sensor
chip for point-of-care applications [28].

Techniques such as nanoimprint lithography and polymeric or colloidal self-
assembly techniques allow enhancing throughput, albeit, at the cost of defects.
The ability of self-assembly techniques in catering to the parallel fabrication
of nanopatterns across arbitrarily large areas at low cost, as well as the several
handles it offers toward tunability of structure dimensions down to molecular
level, is unmatched by conventional lithography tools. However, self-assembly-
based approaches carry limitations that demand careful attention to ensure their
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Scl%ematic representation of the trade-off between vesolution, quality, and throughput in fabricating plasmonic
nanoarrays with high spatial vesolutions, showing the comparative advantages and limits of (a) nanoparticle
assemblies [21] (b) top-down-bottom-up control over nanoparticle assemblies [19], (c) divect-write techniques
[22], (d) nanostencil lithography [23], (e) nanoimprint lithography [24], (f) photolithography [25], (g)
porous anodized alumina templates [10], and (h) stochastic, random structures, including island films [11, 26],
and (i) stochastic chemical growth processes [27].

usefulness: (a) Poor uniformity, which is often a result of poor process optimization
and in some cases due to the susceptibility of process parameters to environmental
variables. This can be addressed by mapping the impact of environmental variables
and factoring them within the process optimization. (b) Large standard deviations,
either inherent to the primary templates produced by the technique or those that
may creep in during different stages of processing. (c) Feature shape: Typically,
self-assembled template patterns have a circular feature cross section. Rectangular,
triangular, or other feature shapes with lower symmetry are uncommon. (d) In

the absence of any external guidance, self-assembly techniques typically lead to a
polycrystalline 2D hexagonal order. Long-range ordering, square, or other lattice
types besides hexagonal symmetry remain uncommon and can be attained through
guidance from a top-down lithographic tool [29-34]. The lack of long-range order
and presence of point or line defects are better tolerated by plasmonic sensing
applications, so long as the averaged properties are consistent and reproducible
with low standard deviations. The chapter will present our approach to plasmonic
nanoarrays with high spatial resolutions relying on hierarchical self-assembly of
amphiphilic di-block copolymers into soft colloids and their subsequent quasipe-
riodic organization when deposited on a planar surface [35]. The approach results
in well-defined organic templates on the surface with nanometric control over the
width, topography, and pitch, realized by control over parameters of molecular
self-assembly. By understanding the impact of the different process parameters on
the resulting geometric outcome, it is possible to deliver templates with high repro-
ducibility and uniformity on full wafers, with a yield >90% [36]. These templates
are translated into highly sensitive SERS-based plasmonic sensors, with control
over metal nanogaps down to sub-10 nm regime.
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2. Spatially controlled fabrication of nanoscale templates
2.1 Fabrication of self-assembled templates

Amphiphilic di-block copolymers can self-assemble into reverse micelles
when dissolved in a solvent that selectively dissolves only the apolar block of the
copolymer. These reverse micelles can be obtained or be induced into attaining a
spherical morphology, with a feature size determined by their aggregation number.
The micelle aggregation number is not only a function of the molecular weight
and composition of the copolymer but also the quality of the solvent used and the
presence of additives. As a consequence, the size can be varied independent of the
molecular weight, using solvent quality and concentration of additives as useful
handles to fine-tune template geometries and eventually those of resulting plas-
monic arrays. The spherical micelles are solvent-laden colloidal structures which
can be readily organized on a variety of surfaces to yield a 2D hexagonally ordered
dot-array templates. These templates are subjected to physical or chemical means
of pattern transfer to produce nanopatterns of desired materials. Pattern formation
on surfaces using copolymer reverse micelle approach is fundamentally different
from that of microphase separation in block copolymer thin films [37-39]. The size
of reverse micelles in solution, which eventually determines the feature sizes on the
surface, is independently variable by engineering the solvent quality or the use of
additives. The standard deviation of the templates on the surface is determined by
that of the micelles in solution phase before deposition, which in turn is governed
by the intermicellar exchange process. The exchange process is slow due to the
slower diffusion for larger molecular weight polymers or when solvent with high
selectivity to the corona-forming blocks is employed [40]. During the spin-coating
process, the solvent-laden micelles in solution deform on the surface to assume
an ellipsoidal shape, with partial fusion of corona from adjacent reverse micelles
resulting in the globally continuous organic film presenting periodic contrast in
topography with an ultrathin film (<5 nm) in the background. The pitch of the
ensuing pattern on the surface can be varied in steps <5% of its mean value, through
control over evaporation rate or the concentration of the micelles in solution. The
evaporation rate can be controlled using spin or dip coating speeds. The ability
to vary the lattice periodicity within a certain window is attributed to a range of
distances for which the PS blocks from the corona of adjacent micelles can still meet
upon deformation and film formation. When this condition is not met, namely, at
low solution concentrations or high spin speeds, the reverse micelles are spaced too
far apart, resulting in patchy coverage. On the other hand, at high solution concen-
trations or at low spin speeds, the excess concentration beyond what is necessary
toward a monolayer appears as multilayers [36]. The topography of the reverse
micelle film is a variable that can be determined by the relative humidity in the
ambient environment during the coating process. This is attributed to the change
in moisture that is likely to concentrate at the polar core-forming PVP and conse-
quently increasing the interfacial tension resulting in resistance to collapse and as
aresult a higher topography. Under optimal conditions of coating, micelle arrays
can be produced with a standard deviation of <10% in geometric attributes across a
complete wafer.

In a specific example shown in Figure 2, reverse micelles of polystyrene-
block-poly (2-vinylpyridine) (PS-b-P2VP) are obtained from dilute solutions of
m-xylene. Here, a copolymer with a molecular weight of 81.5 kDa and a PDI of
1.10, at a concentration of 0.5% w/w in m-xylene, is spin-coated on a clean silicon
surface at 5500 rpm resulting in a hexagonally ordered array with feature heights of
20 nm and pitch of 66 nm with typical standard deviations <15% in all geometric
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Figure 2.
Schematic representation of the self-assembly of amphiphilic di-block copolymer into reverse micelles and their
subsequent assembly to form two-dimensional arrays on the surface.

variables. During the spin-coating process, the solvent-laden micelles in solution
deform on the surface to assume an ellipsoidal shape, with the corona from adjacent
reverse micelles coming together resulting in the globally continuous thin film
presenting periodic topography and ultrathin film (<5 nm) in the background. The
center-to-center distance or the pitch of the template arrays could be systemati-
cally decreased in steps of <5 nm between 45 and 60 nm by increasing the solution
concentrations from 0.6 to 1% at a fixed spin-speed of 5000 rpm or decreasing
spin-speeds from 9000 to 2000 rpm at a fixed concentration of 0.7%. The ranges
were found to constitute an optimal window of conditions where a continuous
uniform film was obtained.

2.2 Reproducibility and scalability

Among key limitations encountered by self-assembly-based approaches, in
general, is the scaling up to practically large areas while ensuring high consistency
and reproducibility. The issues of reproducibility arise mainly due to the sensitiv-
ity of the process outcome to environmental parameters. Such sensitivity also
limits process scalability, due to inconsistencies encountered when coating large
areas like full wafers and to limited batch-to-batch reproducibility. These issues
are true also for the case of self-assembly of amphiphilic copolymers, and this
can be addressed only by adequate investigations directed at mapping the impact
of different environmental variables on the process outcomes. Several sources
of variability were identified and addressed for the self-assembly of amphiphilic
copolymers, including the presence of moisture and contaminants in solution;
history of preparation (agitation and incubation), temperature, and humidity; dif-
ferences in surface roughness or surface energy (e.g., due to organic or particulate
contaminants on the surface); changes to solution concentrations due to solvent
evaporation during use; and inadequate mixing of polymer. Under optimal condi-
tions, the assemblies of reverse micelle feature exhibit standard deviations lower
than 15% across full wafers.

A specific outcome of optimization of the templates represented in Figure 2c
on a 100 mm silicon wafer can be seen in Figure 3, which shows the distribution
for height, diameter, pitch, and nearest neighbors, at different regions of the wafer.
Typical characterization involves AFM topography for heights and diameters (within
errors of AFM tip-convolution) and SEM top view and image analysis using Image]
or MATLAB. A representative AFM image recorded in the tapping mode is shown in
Figure 3b. The characterization is critical for each batch of samples, and it is possible
to scale the process to several batches of wafers [41]. Points A, B, C, and D corre-
spond to four positions representing systematically increasing radial distances from
the center to the edge of the wafer. AFM measurements at these points show standard
deviation <15% for geometric variables and <10% variation of their mean values
across the full wafer. Voronoi analysis of the AFM images shows a predominance of
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Figure 3.

Degmonstmtion of scalability combined with uniformity on full wafers of optimized coatings: (a) Schematic of
radially separated points from center to edge of 100 mm wafer, (b) where tapping mode AFM measurements
are performed (image indicated for point a), (c) the distribution of height and pitch across full wafer, (d) with
mean values plotted as function of radial distance from center, and error bars showing standard deviation in
corresponding feature dimensions at a single point, () histogram of nearest neighbors showing predominantly
six nearvest neighbors as expected for hexagonal assembly, maintained across the wafer, and (f) representation
of nearest neighbors using Voronoi analysis, with the features coloved corresponding to the number of nearest
neighbors as indicated in (e).

six nearest neighbors as expected for hexagonal packing, which is uniformly main-
tained across the wafer (Figure 3e, f). The outcome clearly demonstrates the feasibil-
ity for reliable scaling up of the technique to cater to nanostructures over large areas.

3. Nanoplasmonic arrays by pattern transfer
Fabrication of plasmonic nanoarrays starting from organic templates relies on

pattern transfer approaches, for example, template-guided growth, deposition,
or etching, to define noble metal nanoarrays with the conservation of pitch from
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Figure 4.

Fabrication of plasmonic nanoarrays with different profiles, size, and distributions of metal nanostructures
can be attained by control over pattern transfer processes. In all cases, the advantages of the original templates
including the uniformity and scalability ave preserved [42—44].

the original template. The pattern transfer approaches offer large flexibility in the
geometry of the individual features, thus making it possible to fabricate plasmonic
nanoarrays of different types, for example, nanoparticle cluster arrays, nanopillars
arrays, nanorods, or nanodiscs. The pattern transfer parameters provide indepen-
dent control over the size, shape, and aspect ratio of the features and should be
optimized to ensure that they do not affect the spatial arrangement, uniformity,
and reproducibility from the original template. Although the pattern transfer
approaches are common in semiconductor fabrication, extending them to work at
the scale of few nanometers requires rigorous optimization and quality assurance
to ensure low standard deviations and reproducibility in geometries. Further in this
section different pattern transfer methods to reach such three different plasmonic
nanoarrays have been discussed in detail (Figure 4).

3.1 Nanoparticle cluster arrays

Clusters (used interchangeably with “aggregates” in this report) of metal
nanoparticles behave differently from their isolated counterparts due to the collective
optical behavior arising out of plasmonic coupling between the constituent nanopar-
ticles [45-50]. Clusters of nanoparticles are known to behave as hot particles, with
significantly enhanced electromagnetic fields at the inter-particle junctions [51-54].
Consequently, clusters exhibit higher extinction cross sections, with hot spots that
can be excited at lower energies than the isolated particles. The aggregation-induced
color change of gold nanoparticle suspensions caused by the analyte of interest
has been the basis of several biological assays [55]. Such random aggregation typi-
cally results in a large distribution in the number of particles per cluster, with a
distinct lack of control over those numbers. To achieve clusters with desired optical
properties, it is essential to be able to produce them with a narrow distribution in
the size, shape, and spatial arrangement between nanoparticles within the cluster
and between clusters in an array. Such clusters were demonstrated using templates
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fabricated by electron- beam lithography (EBL) [45-47, 53, 56-58] and controlling
the size of the template to obtain dimers, trimers, quadrumers, and multimers. Since
EBL is time-consuming and expensive to achieve high-resolution patterns spanning
large areas, other low-cost means to achieve controlled nanoparticle aggregates using
template-assisted means have been reported in the literature. These include the use
of DNA, [59] surfactants, [60] block copolymers [60-62], carbon nanotubes [61],
cylindrical micelles [62], or microorganisms like bacteria or viruses [63] as templates
to attach nanoparticles. While the template-assisted cluster formation allows creating
clusters with desired size (or a number of particles per cluster) and shape, they often
fall short of abilities to control inter-cluster arrangement within an array. Such an
arrangement is important to ensure reproducible inter-cluster plasmonic interactions
as well as an ability to engineer them to achieve desired optical properties. In this
direction, block copolymers are an excellent solution, as they allow effective control
over the spatial arrangement of eventual clusters. Microphase separation of block
copolymers (BCP) in thin films, as well as BCP reverse micelles, has been utilized as
templates to attain clusters of metal nanoparticles on surfaces. These techniques have
exploited the BCP templates either to organize one or more particles from solution
phase [64-66] or to drive selective complexation of metal ions and in situ reduction
to form clusters [67]. However, these fall short of opportunities for the rational
design of the cluster properties. The approach based on copolymer reverse micelle
template allows preparing clusters based on electrostatic self-assembly of preformed
gold nanoparticles from the solution phase on to the features on the surface. The
cluster dimensions (the number of nanoparticles per cluster) and the inter-cluster
separation were controlled by control over the template size and their separation.
The low standard deviation of the template enables low standard deviation in the
geometric attributes of the clusters as well (Figure 5).

In a typical experiment, the reverse micelle arrays prepared from PS-b-PVP
with a molecular weight of 114 kDa and PDI of 1.1 were spin coated from m-xylene
solutions and subsequently exposed to an aqueous suspension of gold nanopar-
ticles. Due to the presence of the pyridyl groups of PVP in the core of the features,
the reverse micelle features are positively charged and attract negatively charged
citrate-stabilized gold nanoparticles from the suspension. The electrostatic attrac-
tion between the nanoparticles occurs locally on the features and not in between
them, therefore resulting in a patterned array of nanoparticle clusters. The number
of nanoparticles in each feature is a function of its size. The inter-cluster separa-
tions are controlled by the control over the pitch of the template. Extinction spectra
of the nanoparticle clusters showed a peak at 620 nm, which was over 100 nm
red-shifted from the plasmon resonance band of isolated Au nanoparticles. This is
attributed to the strong plasmonic coupling between the nanoparticles within the
cluster. Further, the absence of a strong contribution at 520 nm would confirm the
geometric observation of the absence of isolated nanoparticles (Figure 6). Finite-
difference time-domain (FDTD) simulations show inter-particle as well as inter-
cluster hot spots. The 3D shape of the clusters was found to be necessary for the
inter-cluster plasmonic coupling, and an increase in EM field at inter-particle and
inter-cluster hot spots was found to correlate with decreasing inter-cluster separa-
tions. The expectations from the geometry and optical properties of the nanoparti-
cle cluster arrays were validated by SERS measurements of a probe molecule. Three
different probe molecules were tested, namely, crystal violet, naphthalene thiol,
and 2, 2'-bipyridine. In all three cases, the SERS intensities were found to be highest
for the largest clusters with the smallest separations. The SERS intensities were
higher for crystal violet than for smaller molecules due to resonance Raman effects,
enabling SERS enhancement factors over 10°. SERS quantitative assays showed the
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(a) Schematic of the fabrication of gold nanoparticle cluster arvays by electrostatic attraction of negatively
chavged Au nanoparticles to positively charged templates on surface, (b) zeta potential titration showing
the template acquiring positive potential for pH below 8.3, (c) systematic control over the size (pitch kept a
constant), and (d) separation (S.) between the nanoparticle clusters (size kept a constant at N~18) which is
shown by the histograms and AFM measurements, respectively [42].
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(a) Graph shows the shift in the extinction peak of the nanoparticle clusters with change in separation, Sc, and
change in no. of nanoparticles/cluster, N. (b) SERS spectra of CV shows the increase in the peak intensity at
1625 cm™* with change in the separations, Sc, and no. of nanoparticles/cluster, N. (c) and (d) SERS intensity vs.
concentration showing linear velationship for 1-NT and BPE, respectively [42].

121



Nanoplasmonics

lowest detection limits for naphthalene thiol to be an order of magnitude lower
than 2,2'- bipyridine. This is attributed to the higher density of molecules for
naphthalene thiol on the surface due to the covalent bonding of the thiols to the
gold surface at a given concentration. The low standard deviations of the cluster
arrays enabled signal intensity variations below 10% on several square millimeters
on the surface.

3.2 Metal nanopillars arrays

Nanopillar shapes offer a unique opportunity to control and enhance EM field
profiles and enhancements [68]. Nanopillar arrays for plasmonic sensing have
been reported previously in the literature, for detection of disease markers and
identification of bacteria as well as environmental pollutants [43, 69-71]. Such
configurations can be obtained by metal deposition of optimal thickness on top of
high aspect ratio dielectric pillars that can be produced by different approaches,
namely, VLS growth [72], pulsed laser deposition [73], black Si production by RIE
with gas plasmas [74], and patterned wet or dry etching with templates produced
by other means, for example, photolithography, soft-lithography, EBL, NIL, NSL,
and molecular self-assembly [75-80]. Nanopattern of pillars offers an advantage
over stochastically arranged counterparts due to a better definition of the spatial
relationship between the pillars that help rational enhancement to sensing per-
formance. The stochastic arrangements, despite promising results, rely largely on
empirical optimization and suffer from difficulty in identifying issues when they
arise. Another aspect to consider is the stability of the pillar arrays, which is espe-
cially a concern for high aspect ratio structures [81-84]. High aspect ratio pillars
can capture analyte between the pillars when they collapse by drying that may offer
interesting means to trap analyte potentially at EM hot spots [85, 86]; the approach,
however, gives less control over the collapse nor the concentration of analyte that
is trapped, thus offering limited opportunity for rational design. The irreversible
nature of such collapse would make it difficult to subject the pillars to solvent-based
washing and drying steps, limiting them to a single time or single-step usage. Pillars
of smaller aspect ratios would solve many of these issues,; however, it will need
to be produced with high spatial resolutions to ensure a large number of EM hot
spots and preferably with good geometric definition allowing rational optimiza-
tion toward both enhancing EM hot spots and analyte capture on the surface. An
approach based on colloids of amphiphilic copolymers allows the possibility to
generate nanopillars that are stable and reusable while allowing significant oppor-
tunities to rationally engineer the optical properties toward high plasmonic sensing
performance.

Organic reverse micelle templates can be transferred into the underlying Si by
adopting nanolithography processes based on reactive ion etching with halogen gas
plasmas. Given the low template thickness (typically less than 30 nm) and small
widths (sub-100 nm), nanolithography using these templates requires signifi-
cant process optimization to ensure high selectivity to the underlying substrate,
minimum undercut, and high anisotropy. It is possible to substitute the organic
templates with a harder inorganic template to improve the selectivity and durability.
This is achieved by transferring the organic template pattern into a thin dielectric
film to generate harder dielectric masks for the next step of pattern transfer into
Si. We had earlier shown a high degree of control over the incorporation of the
organometallic precursor by using atomic layer deposition, with the resulting
oxide nanostructures enabling nanolithography down to sub-10 nm regime [35].
This was followed by several other investigations in literature focusing on vapor
phase incorporation of metal-organic precursors within different block copolymer
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domains using ALD processes [87-91]. It is important that the nanolithography pro-
cess is optimized to not widen standard deviations between the features or across
the wafer. The optimization processes across the full wafer level should take into
account the “loading effects,” which impacts the outcome of the reactive ion etching
process depending on the proportion of exposed surface area available for etching.

Nanopillar arrays that are shorter and closer allows all advantages of the other
reported approaches, while in addition also conserving the metal to be depos-
ited. Nanopillar arrays of silicon obtained by molecular self-assembly approach
(Figure 8) can subsequently be coated with gold or silver to prepare plasmonic
nanopillar arrays. The conditions of the coating, including the choice of evapora-
tion versus sputtering, the respective deposition parameters are critical to the
structure and property of the resulting plasmonic arrays. The thickness of the films
deposited in relation to the geometry of the underlying silicon pillars would be a key
process parameter that determines the aspect ratio and the separation between the
metal pillars. Both aspect ratio and the feature diameters increase, while the feature
separations decrease systematically as a function of the thickness of metal depos-
ited. The observed film growth is strongly anisotropic with slow growth laterally
as compared with vertically. The growth on top of the silicon pillars correlates well
with the thickness of the metal deposited, while the increase in diameter occurs
much slower. The challenge in the processing includes the conformal deposition of
metal, with good step edge coverage, especially when the deposition is made on top
of closely separated high aspect ratio nanopillars.

In a specific example, organic templates prepared using PS-b-PVP with a
molecular weight of 80.5 kDa was spin-coated on a 100mm Si wafer consisting of
a 25 nm film of thermally grown SiO, layer (Figure 7a). The coating is exposed to
brief O, plasma to remove the thin residual layer between the template features and
expose the substrate beneath. The resulting organic template is then transferred
into an underlying SiO, thin film using C,Fg/CH, gas plasma. The resulting SiO,
islands provide high selectivity in etching underlying Si using SF¢/C4Fg plasma to
yield Si nanopillars. The RIE conditions employed resulted in silicon pillars with
a positively tapered profile with a feature size of 40 nm (at half-width) and pitch
of 78 nm and height of 120 nm, as measured by SEM (Figure 7b). The RIE process
conditions can be varied to obtain pillars with other shapes as well (Figure 7c). The
pillar arrays were found to be uniform throughout the wafer, as qualified by uni-
form color, with a variation of <10% as measured by reflectance spectroscopy [35].
Figure 8 shows another case of similarly obtained nanopillars arrays prepared using

Feature size 40nm;
spacing 60-100nm

Secale Bar: 1000m

Figure 7.

(a) Fabrication process involved in pattern transfer from polymer template to fabricate silicon nanopillar
arrays. (b) SEM image taken from a random position on the wafer with nanopillar arrays. (c) SEM images of
diffevent shapes of nanopillars obtained by varying etching conditions [35].
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Figure 8.

( T%p ) Silicon nanopillar arrays with increasing thickness of gold (top, insets) show evolution in electromagnetic
field profiles (bottom, left) and SERS spectra of 1-naphthalene thiol as function of metal pillar geometry
(bottom, right) concentration dependence of intensity of the peak at 1371 cm™ showing quantitative detection
with low detection limits [43].

a different PS-b-P2VP (114 kDa, PDI - 1.1, fPS ~0.5) system. The Si pillar arrays

are converted to plasmonic nanoarrays bycoating with thin layer of Cr, followed by
systematically increasing thicknesses of gold by electron beam evaporation. The
nanopillars coated with 5 nm Cr/120 nm of Au were found to result in gold pillars
with separations below 10 nm. The optical modeling of the nanopillars proved

EM hot spots with increasing intensity and with increasing metal thickness, as
expected. This was correlated well with SERS experiments of 1-naphthalene thiol,
where the evolution in SERS intensity was found to saturate at 100 nm. SERS-based
plasmonic assays of naphthalene thiol show analytical sensitivity down to 74 ppb,
low standard deviations in SERS intensities for different concentrations, and feasi-
bility for quantification with large dynamic range. The approach established clear
control over structure, property, and function to optimize the final performance of
the plasmonic sensor.

3.3 Nanorods and nanodisc arrays from nanoimprint lithography from
self-assembly derived high-resolution masters

The uniform templates obtained using reverse micelle approach is well-suited as
masks for nanolithography to produce Si nanopillar arrays. These nanopillar arrays
are highly interesting for exploitation as high-resolution molds for nanoimprint
lithography (NIL) [44]. NIL is a convenient top-down patterning tool that allows
replication of surface relief structures down to sub-10 nm feature sizes present in
amold into the polymer substrate [24, 92]. Replication using the NIL process is
achieved by pressing the mold against a molten polymer film, followed by solidify-
ing the polymer either by cooling below its Tg or by cross-linking, before removing
the mold. Among the several top-down techniques known, NIL has particularly rec-
ognized as manufacturing compatible, scalable and low-cost solution for fabricat-
ing nanoscale templates of high resolution. The use of the silicon nanopillar arrays
as NIL molds offers a distinct advantage of producing multiple copies of templates
with identical pitch and width as the original pillars. Since these templates are used
to produce metal arrays in the next step, it is possible to attain asymmetric metal
features, with reproducibility in optical properties within and between samples.

In a specific example, full wafers consisting of Si nanopillar arrays with a height of
120nm were fabricated as described in Section 3.1. They were subsequently diced
into smaller pieces and used as NIL molds to replicate the pillar arrays into a thin
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film of PMMA (100 nm thick) coated on Si substrate. Prior to imprinting, the pillar
arrays are functionalized with a perfluorosilane layer to enable anti-stiction prop-
erty. The NIL process results in a nanoporous PMMA film with geometric charac-
teristics that match with the Si pillar array mold (Figure 9). The pores were found
to be ~120 nm deep, with a residual layer of ~10 nm thickness present beneath the
pores. The residual layer was removed using a controlled O, plasma exposure and
treated with HF in order to expose the bare Si substrate beneath. The porous tem-
plate with through-holes was subsequently employed to guide the growth of metal
to achieve gold nanorods from the surface through an electroless deposition process.
The electroless deposition of gold was performed by galvanic displacement reac-
tion where the oxidation of silicon substrate by HF provides electrons to reduce the
Au(III) ions to Au(0), in a process earlier shown by Aizawa et al. [93, 94]. Exposure
of the nanoporous template to an electroless plating bath consisting of 0.9% HF
and 2.3 mM of HAuCl, for a duration of 1 min was sufficient to grow the nanorods
within the pores. The selectivity of the process to the Si substrate ensured the
absence of any non-specific metal deposition in unintended areas. The nanoporous
PMMA template was then removed using an O, plasma exposure. The Au nanorod
arrays were found to be 80 nm in height with a pitch identical with that of the NIL
mold used. Upon annealing the nanorod array at 200°C for 2 h, a transformation in
morphology into nanodiscs was observed. Such transformation that was observed
to occur significantly below the melting point of bulk gold metal is likely due to
compacting of nanoparticulate and porous gold features obtained upon electroless
deposition. The nanoparticulate nature of nanorods is evident from the SEM mea-
surements. The nanodiscs exhibit an ellipsoidal shape, with a diameter of 55.2 (+ 4)
nm and height of 35.3(¢ 5.4) nm, as measured using SEM and AFM. TEM cross sec-
tion of the nanodisc arrays shows that the discs were present within depressions on
the surface with a depth of ~5 nm. The depression below the nanodisc is presumably
formed by substrate etching, due to the presence of HF in the electroless chemical
bath. The transformation of the rod to disc morphology was found necessary in
order to ensure mechanical stability of the metal arrays when exposed to solvents. It
was found that the nanorod arrays disintegrated when dipped in aqueous solutions,

a) Copolymer template b) High Resolution NIL mold ) Pattern Transfer by Imprinting
B — B T .

PMMA

==l =i

d) PMMA with inverse
f) Au Nanodiscs €] Au Nanorods template at mold

Scole Bor: 100nm
Figure 9.
Process steps involved in production of (a, b) high-resolution molds for NIL produced from self-assembled

polymeric templates, (c, d) followed by replication onto PMMA thin film to form nanopore arrays and (e, f)
selected area growth of gold nanorods within the pores and their subsequent transformation into nanodiscs [44].
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while the nanodiscs remained undisturbed. Since our study primarily intended
application of these arrays within a SERS-based sensor in liquid media, the nanorod
arrays could not be considered further. Despite this instability, the nanorods could
still find a use for plasmonic sensors functioning in the gas phase, or alternatively, if
their mechanical stability can be improved through deposition of an overcoating of
a dielectric, for example, alumina as shown earlier in literature [95]. The nanodisc
arrays were evaluated for SERS performance against three different molecules,
namely, naphthalene thiol that represented a covalently bound analyte, 2,2'-bipyridyl
that represented non-covalently bound analyte, and crystal violet which repre-
sented the possibility of resonance Raman effect. The SERS performance was
benchmarked against commercially available Klarite substrates and was proved
better for all three molecules. The approach demonstrated an inherently reproduc-
ible approach to the fabrication of plasmonic arrays, as several copies can be derived
starting from the same nanopillars NIL stamp. The performance of these arrays
nevertheless has scope for improvements by further EM enhancements by reducing
feature separations. The inability to deliver low feature separations is a limitation of
the approach, which can be overcome by post-processing of the porous templates
obtained after NIL, for instance, via pore-widening approaches.

4, Conclusions and outlook

Molecular self-assembly using amphiphilic copolymers and colloids derived
thereof can deliver nanoplasmonic interfaces with high spatial resolutions, with
control over geometric variables in steps of only a few nanometers. The approach
enables metal nanoarrays with spatial coherence between features, orthogonal
control over the different geometric attributes, and standard deviations below 10%.
These characteristics can be leveraged to better understand and predict the optical
properties of these arrays, allowing rational routes to maximize plasmonic sensing
performance. The self-assembly parameters at both the template production and
pattern transfer stages could be rigorously controlled to ensure high uniformity,
reproducibility, and scalability of the resulting plasmonic arrays on full wafers. The
correlation of the geometry < optical < SERS performance was demonstrated with
a combination of experiments and numerical simulations. Plasmonic nanoarrays
presenting a large number of gap hot spots, with gap distances down to sub-10 nm
length scale, are possible to obtain in case of nanoparticle cluster arrays and nano-
pillar arrays. The homogeneously distributed hot spots over large areas present
an opportunity to not only detect but also quantify the concentration of analytes,
with large dynamic range with promisingly low limits of detection. Among the key
challenges for future developments is to identify configurations that naturally drive
the co-localization of analytes with EM hot spots to achieve maximize plasmonic
signal enhancements. Further, the efforts to enhance EM fields solve only a part of
the sensing challenge. In addition to maximizing the EM enhancements, the surface
needs to be tailored to maximize analyte interactions and their concentrations on
the surface.

Yet another challenge is the application of plasmonic arrays for biosensing. The
high spatial resolutions sought for maximizing EM enhancements at gap or cur-
vature hot spots are not compatible with the spatial requirements to accommodate
large biomolecules like proteins. Further, the sensitivity of the plasmonic sensor
extends typically to only a few nanometers from the surface. This is a challenge
considering that the size of biomolecular interactions can already be a few tens of
nanometers, for example, for an immunosandwich assay. Further, the plasmonic
sensor needs to be adapted to work in complex media, for which the surface
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functionalization to avoid non-specific binding would also consume part of the
sensitive space above the plasmonic interface. While the plasmonic sensors have
held high promise for highly sensitive, fast responding, and portable configura-
tions, they need significant transversal development cutting across topics beyond
fabrication, physics, and photonics, to ensure reliable devices that address emerging
analytical challenges.
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Chapter 8

Stimulated Scattering of Surface
Plasmon Polaritons in a Plasmonic
Waveguide with a Smectic A
Liquid Crystalline Core

Boris I. Lembrikov, David Ianetz and Yossef Ben Ezra

Abstract

We considered theoretically the nonlinear interaction of surface plasmon
polaritons (SPPs) in a metal-insulator-metal (MIM) plasmonic waveguide with a
smectic liquid crystalline core. The interaction is related to the specific cubic optical
nonlinearity mechanism caused by smectic layer oscillations in the SPP electric
field. The interfering SPPs create the localized dynamic grating of the smectic layer
strain that results in the strong stimulated scattering of SPP modes in the MIM
waveguide. We solved simultaneously the smectic layer equation of motion in the
SPP electric field and the Maxwell equations for the interacting SPPs. We evaluated
the SPP mode slowly varying amplitudes (SVAs), the smectic layer dynamic grating
amplitude, and the hydrodynamic velocity of the flow in a smectic A liquid crystal
(SmALC).

Keywords: surface plasmon polariton (SPP), smectic liquid crystals,
stimulated light scattering (SLS), plasmonic waveguide

1. Introduction

Nonlinear optical phenomena based on the second- and third-order optical
nonlinearity characterized by susceptibilities y?) and ¥, respectively, are widely
used in modern communication systems for the optical signal processing due to
their ultrafast response time and a large number of different interactions [1-5].
The second-order susceptibility y(?) exists in non-centrosymmetric media, while the
third-order susceptibility y® exists in any medium [6]. The second-order suscepti-
bility ? may be used for the second harmonic generation (SHG), sum, and differ-
ence frequency generation; the ultrafast Kerr-type third-order susceptibility y*
results in such effects as four-wave mixing (FWM), self-phase modulation (SPM),
cross-phase modulation (XPM), third harmonic generation (THG), bistability, and
different types of the stimulated light scattering (SLS) [1-6]. Optical-electrical-
optical conversion processes can be replaced with the optical signal processing
characterized by the femtosecond response time of nonlinearities in optical mate-
rials [2, 3]. All-optical signal processing, ultrafast switching, optical generation of
ultrashort pulses, the control over the laser radiation frequency spectrum,
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wavelength exchange, coherent detection, multiplexing/demultiplexing, and tun-
able optical delays can be realized by using the nonlinear optical effects [1-4].
However, optical nonlinearities are weak and usually occur only with high-intensity
laser beams [1, 6]. An effective nonlinear optical response can be substantially
increased by using the plasmonic effects caused by the coherent oscillations of
conduction electrons near the surface of noble metal structures [1]. In the case of the
extended metal surfaces, the surface plasmon polaritons (SPPs) may occur [1, 7, 8].
SPPs are electromagnetic excitations propagating at the interface between a dielectric
and a conductor, evanescently confined in the perpendicular direction [1, 7]. The SPP
electromagnetic field decays exponentially on both sides of the interface which
results in the subwavelength confinement near the metal surface [1]. The SPP prop-
agation length is limited by the ohmic losses in metal [1, 7, 8].

Nonlinear optical effects can be enhanced by plasmonic excitations as follows:
(i) the coupling of light to surface plasmons results in strong local electromagnetic
fields; (ii) typically, plasmonic excitations are highly sensitive to dielectric proper-
ties of the metal and surrounding medium [1]. In nonlinear optical phenomena,
such a sensitivity can be used for the light-induced nonlinear change in the dielec-
tric properties of one of the materials which result in the varying of the plasmonic
resonances and the signal beam propagation conditions [1]. Plasmonic excitations
are characterized by timescale of several femtoseconds which permits the ultrafast
optical signal processing [1]. The SPP field confinement and enhancement can be
changed by modifying the structure of the metal or the dielectric near the interface
[1]. For example, plasmonic waveguides can be created [1, 7-9]. Nanoplasmonic
waveguides can confine and enhance electric fields near the nanometallic surfaces
due to the propagating SPPs [9]. Nanoplasmonic waveguide consists of one or two
metal films combined with one or two dielectric slabs [9]. Typically, two types of
the plasmonic waveguides exist: (i) an insulator/metal/insulator (IMI)
heterostructure where a thin metallic layer is placed between two infinitely thick
dielectric claddings and (ii) a metal/insulator/metal (MIM) heterostructure where a
thin dielectric layer is sandwiched between two metallic claddings [7]. The MIM
waveguides for nonlinear optical applications require highly nonlinear dielectrics
[9]. The nonlinear metamaterials can significantly increase the nonlinearity magni-
tude [10]. Investigation of nonlinear metamaterials is related in particular to
nonlinear plasmonics and active media [10]. One of the metamaterial nonlinearity
mechanisms is based on liquid crystals (LCs) [10]. Tunability and a strongly
nonlinear response of metamaterials can be obtained by their integration with LCs
offering a practical solution for controlling metamaterial devices [11].

The integration of LCs with plasmonic and metamaterials may be promising for
applications in modern photonics due to the extremely large optical nonlinearity of
LCs, strong localized electric fields of surface plasmon polaritons (SPPs), and high
operation rates as compared to conventional electro-optic devices [12]. Practically
all nonlinear optical processes such as wave mixing, self-focusing, self-guiding,
optical bistabilities and instabilities, phase conjugation, SLS, optical limiting, inter-
face switching, beam combining, and self-starting laser oscillations have been
observed in LCs [13]. LC can be incorporated into nano- and microstructures such
as a MIM plasmonic waveguide. Nematic LCs (NLCs) characterized by the orienta-
tion long-range order of the elongated molecules are mainly used in optical appli-
cations including plasmonics and nanophotonics [11-14]. For instance, light-
induced control of fishnet metamaterials infiltrated with NLCs was demonstrated
experimentally where a metal-dielectric (Au-MgF,) sandwich nanostructure on a
glass substrate with the inserted NLC was used [11]. However, the NLC applications
are limited by their large losses and relatively slow response [14, 15]. The light
scattering in smectic A LC (SmALC) waveguides had been studied theoretically and
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experimentally, and it was shown that the scattering losses in SmALC are much
lower than in NLC due to a higher degree of the long-range order [15]. SmALC can
be useful in nonlinear optical applications and low-loss active waveguide devices for
integrated optics [14, 15].

SmALCs are characterized by a positional long-range order in the direction of
the elongated molecular axis and demonstrate a layer structure with a layer thick-
ness dsma = 2nm [14]. Inside a smectic layer, the molecules form a two-dimensional
liquid [14]. Actually, SmALC can be considered as a natural nanostructure. The
structures of NLC with the elongated molecules directed mainly along the vector

director 7 and the homeotropically oriented SmALC with the layer plane parallel to
the claddings are shown in Figure 1a and b, respectively.

The nonlinear optical phenomena in SmALC such as a light self-focusing, self-
trapping, SPM, SLS, and FWM based on the specific mechanism of the third-order
optical nonlinearity related to the smectic layer normal displacement had been
investigated theoretically [16-28]. In particular it has been shown that at the inter-
face of a metal and SmALC, the counter-propagating SPPs created the dynamic
grating of the smectic layer normal displacement #(x,2,¢), and the SLS of the
interfering SPPs occurred [22, 23, 26]. We also investigated the behavior of SPP
mode in a MIM waveguide with the SmALC core [24, 26]. In such a waveguide, SPP
behaves as a strongly localized transverse magnetic (TM) mode which creates the
localized smectic layer normal deformation and undergoes SPM [24, 26].

In this chapter we consider theoretically the interaction of the counter-
propagating SPP modes in the MIM waveguide with the SmALC core. The interfer-
ing SPP TM modes with the close optical frequencies w1, create a localized dynamic
grating of the smectic layer normal displacement u(x, z,¢) with the frequency Aw =
w1 — w2 < w1 which results in the nonlinear polarization and stimulated scattering
of SPPs. We solved simultaneously the equation of motion for smectic layers in the
electric field of the interfering SPP modes and the Maxwell equations for the SPPs in
the MIM waveguide taking into account the nonlinear polarization. We used the
slowly varying amplitude (SVA) approximation for the SPPs [6]. We evaluated the
magnitudes and phases of the coupled SPP SVAs. It is shown that the energy
exchange between the coupled SPPs and XPM takes place. We also evaluated the
SPP-induced smectic layer displacement and SmALC hydrodynamic velocity. We
have shown that the high-frequency localized electric field can occur in the MIM
waveguide with the SmALC core due to the flexoelectric effect [28].

Optical axis

'3
'u’k.,h_, = 2nm

! x

Figure 1.
The structure of molecular alignment of a nematic liquid crystal (NLC) (a) and the homeotropically oriented
smectic A liquid crystal (SmALC). The molecules are perpendicular to the layer plane (b).
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The chapter is constructed as follows. The hydrodynamics of SmALC in the
external electric field is considered in Section 2. The SPP modes of the MIM wave-
guide are derived in Section 3. The SPP SVAs, the smectic layer dynamic grating
amplitude, and the SmALC hydrodynamic velocity are evaluated in Section 4. The
conclusions are presented in Section 5.

2. Hydrodynamics of SmALC in the external electric field

In this section we briefly discuss the SmALC hydrodynamics and derive the
equation of motion for the smectic layer normal displacement u(x,y,2,t) in the

external electric field E (%¢,9,2,t). SMALC can be described by the one-dimensional
periodic density wave due to its layered structure.

Smectic layer oscillations #(x, y,2,t) in the external electric field E(x, ¥,%,t) are
shown in Figure 2. Hydrodynamics of SmALC in general case is very complicated
because SmALC is a strongly anisotropic viscous liquid including the layer oscilla-
tions, the mass density, and the elongated molecule orientation variations [29-31].
However, the elastic constant related to the SmALC bulk compression is much
larger than the elastic constant B~ 10° — 107] m™3 related to the smectic layer
compression [29-31]. The layers can oscillate without the change of the mass den-
sity [29-31]. For this reason two uncoupled acoustic modes can propagate in
SmALC: the ordinary longitudinal sound wave caused by the mass density variation
and the second-sound (SS) wave caused by the layer oscillations [29-31]. SS wave is
characterized by strongly anisotropic dispersion relation being neither purely
transverse nor longitudinal. It propagates in the direction oblique to the layer plane

F Lk 'H(.‘l‘._‘l.-‘.;"..f}
- A

—

: - [ JTI_[TH Ldm,zznm
|
| ’ ||T|“T|
|
|

Figure 2.

- =S
The SmALC layer oscillations u(x,y,z,t) in the external electric field E(x,y,z,t). k is the second-sound (SS)
wave vector, vy is the hydrodynamic velocity perpendicular to the layer plane; €| and €, are the diagonal
components of the permittivity tensor parallel and perpendicular to the optical axis, respectively.
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S
and vanishes for the wave vector k£ perpendicular or parallel to the layer plane [29].
SmALC is characterized by the complex order parameter, and SS represents the
oscillations of the order parameter phase [29]. SS in SmALC has been observed
experimentally by different methods [32-34]. The system of hydrodynamic equa-
tions for the incompressible SmALC under the constant temperature far from the
phase transition has the form [29-31]

divv =0 1)
p?——$+Ai+ij (2)
F
N=-5 3)
6} = a00pAy + 016z Az + asAie + ase(SizAzk + Skzfzi) + 4780k Al 4)
he=3 (G o)
0= ©)

Here, v is the hydrodynamic velocity, p ~ 10°kgm~2 is the SmALC mass density,

IT is the pressure, A is the generalized force density, o}, is the viscous stress tensor,
;= 10’1kg(s m)_1 are the viscosity Leslie coefficients, 63, = 1,i = k;6y, = 0,1 # &,
and F is the free energy density of SmALC. Typically, SmALC is supposed to be an
incompressible liquid according to Equation (1) [29]. For this reason, we assume
that the pressure IT = 0 and the SmALC free energy density F do not depend on the
bulk compression [29-31]. We are interested in the SS propagation and neglect the
ordinary sound mode. The normal layer displacement u(x, y,2,t) by definition has
only one component along the Z axis. In such a case, the generalized force density
has only the Z component according to Eq. (3): A= (0,0,A;). Eq. (6) is specific for
SmALC since it determines the condition of the smectic layer continuity [29-31].
The SmALC free energy density F in the presence of the external electric field

E (%,9,%,t) has the form [29-31]

1 (ou\> 1. [(Pu Pu\> 1
F=-B(Z) +-k(Z24+2%) _Zepe,EE
2 (az> +2 (axz + @}2) Zgoelk 1 k (7)

Here K ~ 10 "N is the Frank elastic constant associated with the SmALC ori-
entational energy inside layers, ¢ is the free space permittivity, and ¢, is the
SmALC permittivity tensor including the terms defined by the smectic layer strains.
The purely orientational second term in the free energy density F (7) can be

2
neglected since for the typical values of the elastic constants B and K K (ki) <B

where &5, the SS wave vector component is parallel to the layer plane. The permit-
tivity tensor &, is given by [30]

ou
Exx = &y = €1 +al§;gzz =€ —‘r—ﬂl”§;
(8)

Exz = Eqx = —E€a 36z = &gy = —E 38 = €| — €L

ox oy
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where ¢, £, are the diagonal components of the permittivity tensor ¢, along and
perpendicular to the optical axis and a; ~ 1,4 ~ 1 are the phenomenological
dimensionless coefficients [29, 30]. SmALC is an optically uniaxial medium with
the optical Z axis perpendicular to the smectic layer plane [29-31]. Combining
Egs. (1)-(8), we obtain the equation of motion for the smectic layer normal dis-
placement u(x,y,2,t) in the electric field E(x, 9,%,t) [16, 17]:
ou 7’ 1 ou ou
2 2 292 2
_pV ?4_ |:C(1VL£+E(C(4+(X56)V A% :l E—FBVJ_@

€ 0 0 0 ©)

0

== \% {5 (m (E§ - Ej) + a”Eg) —2e, (& (E<E;) + % (EyEZ))]

Here V2u = 0°u/dx? + 0°u/dy>. In the absence of the external electric field, the
homogeneous solution of the equation of motion (9) represents the SS wave with

the dispersion relation [29]:
kS kS B
Qs = 5o —ZS 350 = \/; (10)

2 2 2
Here, (ki) = (ki) + (kj) and Qg and s are the SS frequency and velocity,

respectively [29]. It is seen from Eq. (10) that the SS frequency Qs = 0 for the
propagation direction along the smectic layer plane and perpendicular to it. The
decay constant I' is given by

s\ (15)°
o1, () ()
= 1 -
If the viscosity terms responsible for the SS wave decay can be neglected, then

the homogeneous part of Eq. (9) reduces to the SS wave equation with the disper-
sion relation (10) [29-31]:

(s + as6) (¥°) (1)

1
2

We use equation of motion (9) for the evaluation of the light-enhanced dynamic
grating u(x,y,2,1t).

3. SPP modes in a MIM waveguide with SmALC core

LC slab optical waveguide represents a LC layer of a thickness about 1 pm
confined between two glass slides of lower refractive index than LC [14]. LC as a
waveguide core provides the photonic signal modulation and switching by using the
electro-optic or nonlinear optical effects of LC mesophases [35]. For instance, the
large optical nonlinearities were implemented in order to create optical paths by
photonic control of solitons in NLC [35]. Various electrode geometries may create
due to the electro-optic effect periodically modulated LC core waveguides which
can serve as efficient guided distributed Bragg reflectors with the tuning ranges of
about 100-1550 nm optical wavelength range [35]. Plasmonic waveguides based on
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the manipulation and routing of SPPs can demonstrate a subwavelength beyond the
diffraction limit together with large bandwidth and high operation rate typical for
photonics [36]. The plasmonic devices can be integrated into nanophotonic chips
due to their small scale and the compatibility with the VLSI electronic technology
[36]. Plasmonic devices are the promising candidates for future integrated photonic
circuits for broadband light routing, switching, and interconnecting [36]. It has
been shown that different plasmonic structures can provide SPP light waveguiding
determining the SPP mode properties [36]. MIM waveguide representing a dielec-
tric sandwiched between two metal slabs attracted a research interest as a basic
component of nanoscale plasmonic integrated circuits [37]. LC-tunable waveguides
have been proposed as a core element of low-power variable attenuators, phase-
shifters, switches, filters, tunable lenses, beam steers, and modulators [37, 38].
Typically NLCs have been used due to their strong optical anisotropy, responsivity
to external electric and magnetic fields, and low power [37, 38]. Different types of
NLC plasmonic waveguides have been proposed and investigated theoretically
[36-38]. Recently, SmALCs attracted attention due to their layered structure and
reconfigurable layer curvature [39]. The possibility of the dynamic variation of
smectic layer configuration by external fields is intensively studied [39]. We inves-
tigated theoretically SLS in the optical slab waveguide with the SmALC core where
the third-order optical nonlinearity mechanism was related to the smectic layer
dynamic grating created by the interfering waveguide modes [27]. We also consid-
ered theoretically the MIM waveguide with the SmALC core [24, 26].

The structure of such a symmetric waveguide of the thickness 2d is shown in
Figure 3 [24, 26]. The plane of the waveguide is perpendicular to the SmALC
optical axis Z. The SmALC in the waveguide core is homeotropically oriented, i.e.,
the smectic layers are parallel to the waveguide claddings z = £d, while the SmALC
elongated molecules are mainly parallel to the Z axis [29]. Typically the waveguide
dimension in the Y axis direction is much larger than d, and the dependence on the
coordinate y in Egs. (8) and (9) can be omitted. Than we obtain # = u(x,2,t),

2 2
VZu = d*u/ox? + d*u/oz%, Viu = d*u/ox?, (ki) = (kf) , and the SmALC permit-

tivity tensor (8) takes the form

ou ou
Exx = €1 +m§; Ezz = € +a||§; €xg = Eax = —Ea7 € =& ~£L (12)
Fi
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Figure 3.
The MIM waveguide with the homeotropically oviented SmALC core and counter-propagating SPPs.

141



Nanoplasmonics

The permittivity &, (w) of the metal claddings is described by the Drude model
[7, 8]:

>

_1_ P
) =1 7 i) @
where 0, = \/noe?/(eom) is the plasma frequency of the free electron gas; n, is

the free electron density in the metal;e, 7 are the electron charge and mass, respec-
tively; and w, 7 are the SPP angular frequency and lifetime, respectively [7, 8]. The

electric field ﬁ(x,z, t) of the optical wave propagating in a nonlinear medium is
described by the following wave equation including the nonlinear part of the

electric induction D [6]:

L L =NL
= o°D oD
curlcurlE + py o = Mo ga (14)

L
Here i is the free space permeability and D is the nonlinear part of the electric
induction. The SPP can propagate in the plasmonic waveguide only as a transverse
magnetic (TM) mode with the electric and magnetic fields given by Emv =

. L _NL
(Ex,0,E;); Hry = (0,H,, 0) [7]. In such a case, we obtain for D and D in

SmALC using Eq. (12)

Di‘ = Eoé‘J_Ex; Dé‘ = 80€||EZ (15)
ou ou ou ou
DxNL =&p (ﬂl EEX — &4 &Ez> 5 DiVL =& <ﬂ” EEZ — &, aEx> (16)

The linear part Bfn of the electric induction in the metal claddings has the form:
Bfn = go&m (w)g [7]. The SPP TM mode electric and magnetic fields for |z|>d in the
metal claddings H 12(x,2,1), El,z (x,2,t) and for |z| <d in SmALC
ﬁSA (x,2,1), ESA (x,2,t) have the form [24, 26]

- 1—>

Hi,(x,2,t) = 3 ayHy 50 exp (¢k;”z + tkyx — ia)t) +cc,lz|>d (17)
- 1 — —
Ei5(x,2,t) = 3 [ﬂxEszo + ﬂzEl,k0:| exp (TLkZ’z + ikyx — ia)t) +cc.,lz|>d (18)
FISA(x,z, t) = %EJ, [A exp (kgz) + Bexp (—kgz)} exp (tkyx —iwt) + c.c., |z|<d (19)
= 1. kf S S
Esa(x,2,t) = 5 {ax . {A exp (kzz) — Bexp (—kzz)}

— ky s S . .
N {A exp (kZz> + Bexp (—kzz)} Yexpi(kex —wt) +c.c; |z|<d

(20)

Here c.c. stands for complex conjugate. The SPP fields (17)-(20) are confined in
the Z direction. In the linear approximation substituting expressions (15), (18), and
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(20) into the homogeneous part of the wave equation (14) for the claddings and
SmALC core, respectively, we obtain the following expressions for the complex

wave numbers k] and k;j [24, 26]:

R = k2 — em(w)?/c? (21)

kS = \/ki(gL/SII) — wley [c? (22)

where ¢ is the free space light velocity. The boundary conditions for the fields
(17)-(20) at the interfaces 2 = 4-d have the form [7, 8]

Hly(Z = d) = HSA),(Z = d), sz,(z = —d) = HSA},(Z = —d) (23)
E]x(Z = d) = ESAx(Z = d), EZx(Z = —d) = ESAx(Z = —d) (24)

Substituting expressions (17)-(20) into Egs. (23) and (24), we obtain the dis-
persion relation for the SPP TM modes in the MIM waveguide given by [24, 26]

km kS 2 km kS -2
S _ z 7z z =z
exp (—4kzd> = <€m @ + EJ.) <€m (@) ﬂ) (25)

Dispersion relation obtained for the general case of different claddings [7]
coincides with expression (25) for the symmetric structure with the same claddings.
The results of the numerical solution of Eq. (25) for the typical values of the MIM
waveguide parameters and the SPP frequencies @ corresponding to the optical
wavelength range 4,y ~ 1 —1.6 pmand 24 ~ 1 pm are presented in Figures 4 and 5.

These results show that RekS ~ 10%% 1> Imk; ~ 10*n " and Rek, ~ 107m !
> Imk, ~ 10w~ [24, 26]. In such a case, the SPP oscillation length in the Z

-1
direction is defined by the relationship 2z <Imk§) ~10"*m>d ~ 10 %m, and

ImkS can be neglected inside the MIM waveguide, and kS ~ RekS [24, 26]. The SPP
propagation length in the X direction Lgpp = (Imkx)_1 ~107* =10 3m > Agpp =
27( Rek,) " <10~ %m where Aspp is the SPP wavelength. Hence, at the optical
wavelength-scale distances, Imk, can be neglected, and k, ~ Rek, [24, 26].

@ 00 ® 0

25L ' ' '
E 2 E
N N

1

% 15 <
o E

1 0.6 -

1 12 14 16 1 12 14 16
A [pm] A [pm]

Figure 4.

The spectral dependence of Re k‘z (a) and Imkﬁ (b).
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(@) 6 (b)

x 10 x10°

11 £ 35

<25

Re(k,) [m"]

Im(

1 12 14 16 1 12 14 16
2 [um] A [um]

Figure 5.
The spectral dependence of Re ky (a) and Imk, (b).

Consequently, for a given optical frequency w, a single localized TM mode can exist

in the SmALC core of the MIM waveguide with the electric field ESA (x,2,t) given
by [24, 26]

ESA = E, [Ex cosh <( Re kg)z) — Eziké—: sinh (( Rekﬁ)z)]

(26)
x exp [i((Reky)x — wt)] + c.c.

The numerical estimations show that for the SPP modes with the close optical
frequencies w1, ~ 10571 and the frequency difference Aw = w1 — @, ~ 1081
< w1, the wave numbers of the both SPPs kgl,z and kyq ; are practically equal. As a
result, only counter-propagating SPP modes can strongly interact in the MIM core
creating the dynamic grating of smectic layers as it is seen from Eq. (9). The electric
field of the counter-propagating SPP modes of the type (26) in the MIM waveguide
SmALC core has the form

d, cosh ( ( Re kg)z) Fai l]z: sinh ( ( Re kg)zﬂ 27)

x exp [i( Reky)x — iwt] + c.c.

-
Esa12 = Esai0

Substituting expression (27) into equation of motion (9), we obtain the expres-
sion of the smectic layer displacement localized dynamic grating u(x, z,t):

u(x,z,t) = Ug sinh (2( Rekﬁ)z) exp [i(2( Reky)x — Awt)] +c.c. (28)

Here

= L

(29)

22 2
R
h: [,lJ_—a” |k};|2€§—2€a ( ekz)fl

|z | e (Rekz) |
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u/ f {.-:r| 1 0
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05

0.5 %, e 10

Figure 6.
The normalized smectic layer displacement u(x,z,t = to) for the optical wavelength Aoy = 1.6 pm.

G(kx,kj, Aw) = 4p(Aw)? {( Rek,)? + ( Re kﬁﬂ
—ido{—a(2 Rekx)z(z Rekg)z (30)

4= (s + asg) [—(2 Reky)” + (2 Rek§)2] 2} — B(2Rek,)? (2 Rek§)2

1
2
Expression (28) is the enhanced solution of Eq. (9). The homogeneous solution
of Eq. (9) is overdamped for the typical values of SmALC parameters and
Aw ~ 108571, and it can be neglected. The normalized smectic layer displacement
u(x,z,t =tg)/Uo for the optical wavelength 4,,; = 1.6pm is shown in Figure 6. It is
seen from Figure 6 that the dynamic grating is localized inside the MIM waveguide
in the Z direction and oscillates in the propagation direction X.

4. Nonlinear interaction of SPPs in the MIM waveguide

The light-enhanced dynamic grating (28) results in the nonlinear polarization
defined by Eq. (16). In order to investigate the interaction of the counter-
propagating SPPs (27), we should solve wave Eq. (14) including the nonlinear term

NL

D . We use the SVA approximation for the SPP electric field amplitudes

ESAl,ZO (t) = |E5A1,20 (t)l exp iaSAl,z(t) where ‘ESALZO (l’)l and 95A1,2 (l’) are the SVA
magnitudes and phases, respectively [6]. For the distances of the order of magni-
tude of the SPP wavelength Aspp <1 pm, the dependence of SAVs on the x coordi-
nate can be neglected. We assume according to the SVA approximation that

(31)

0*Esa1,20
o2

0Es41,0
ot

Substituting expressions (27) and (28) into Egs. (16), we evaluate the nonlinear
_NL
part D of the electric induction in SmALC. Then, substituting relationships (15),
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(16), and (27) into wave equation (14), taking into account the dispersion relation
(22), neglecting the terms 0*Esp120/ 0t according to condition (31), combining the
phase-matched terms with the frequencies w1, and dividing the real and imaginary
parts, we derive the equations for the SVA magnitudes |Esa120(¢)| and phases
0sa1,2(t). They have the form

2
w%z a|ESAB§o(r)| P
860G (I, kS, Ao ) [Re ko Eoaro 6) | Eszo e) o (32)
o sl‘G<kx,k§,Aa))’2 ’
%,2%}71(2)
4e0 Re G (ks k5, Ao ) [Egan10(6) [ Re ke (33)
== Fy(2)

€1

G ke, S, 20 ]2

Here we assumed that the factor exp [+(Imk,)x]~ 1 for the distances

x < (Imk,) . The functions Fy,(z) describing the SPP mode localization inside the
MIM waveguide are given by

Fi(z) = coshz(kfz) + ]]::z sinhz(k§z> (34)

z

Fy(z) = cosh? (kgz) {cosh (Zkgz) <al (kg)z +¢&, i—:ki) — &, g_lki]

—ki sinh? (kfz) [cosh <2k,§z) (a” i’_lll — ea) — ea}

Here we neglected the small quantities Imk, and Imk® assuming that for

x < (Imk,) " and |z| <d, we may use the relationships k, ~ Rek, and k,f ~ Re kg.
We integrate both parts of Egs. (32) and (33) over the MIM waveguide thickness
—d <z <d [40]. After the integration, Egs. (32) and (33) take the form

1 0|Esar0(®)]
w12 ot

>

_ 8e0ImG (ks K5, A )28 (ks)z

- 2 (36)
el G(kx,kf, Aa)) ’
x|Esaro (6) Bsazo t) PP (ks 5)
1 901,
Wiy o
40 Re G (Jees kS, A0 ) 2 (K ’ (37)

a6k 0 Bssas0l0) Fi (ks )
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Figure 7.
The spectral dependence of the localization factor Fy (kx, kg) .

where the localization factor Fy (kx, kg) is given by

Fy (kx, ks)

= {[Sinh (4k‘§j) * 4k§d} a, —a ngi 7+ & kac (1 + 8—l)
4l (kf) !

: k2
+ sinh (Zkf:d) ay +ay gn?kg)z - (2k§d> £ —2—

x | sinh (2%5d) 1+(]f§>2 + (2%54) | 1-

2
()
The spectral dependence of the localization factor Fy (kx, kg) is presented in

Figure 7.
It is seen from Figure 7 that Fy (kx, kﬁ) is varying by an order of magnitude in

the range of the optical wavelengths essential for optical communications. The
addition of Eq. (36) results in the following conservation condition [6]:

a <|ESA10(t)|2+ |ESA20(t)|2> -0 (39)

ot w1 (00)

We obtain from Eq. (39) the Manley-Rowe relation for the SVA magnitudes

|Esar0(t)|* [6]:
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|[Esaro(t)|* 4_|ESA20(t)|2
w1 @7

= const = I

We introduce the dimensionless quantities

- |Esaz0(£))*

I, (t
w1210

s L) + L) =1

Substituting relationship (41) into Eq. (36), we obtain

where the gain g has the form

8e0lmG (ks k5, A )2 (IS ol

£ sl’G(kx,kg,Aa))

! Fn (kx, kj)

(40)

(41)

(42)

(43)

The spectral dependence of the gain g is shown in Figure 8. The solution of

Eq. (41) has the form

_ L(0)exp(—gt)
Li(t) = 1= ]11(0)[1 — exp (—gt)]
1—11(0)

L(t) = 1—1,(0)[1 — exp (—gt)]

(44)

(45)

It is easy to see from Eqs. (44) and (45) that the solutions I1,(¢) satisfy the

Manley-Rowe relation (40). Expressions (44) and (45) describe the energy

X 1139.

1 1.2 1.4
A, um

Figure 8.

The spectral dependence of the gain g for the SPP electric field amplitude |Esa1o(t)] = 106V /m.
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exchange between the SPPs interfering on the smectic layer dynamic grating.
Indeed, I; — 0 and I, — 1forg> 0 and ¢ — 0. Actually, the SLS of the orienta-
tional type takes place [6]. The SPP; with the normalized intensity I plays a role of
the pumping wave, while the SPP; is a signal wave. The temporal dependence of
I15(t) for the pumping wave amplitude |Esa1o(t)| = 10°V /m is shown in Figure 9.

It is seen form Figure 6 that for I;(0) > I,(0), the characteristic time ¢, exists
when I1(to) = I1(to). Using expressions (44) and (45), we obtain

1 [11(0)]

to = =
° g " 1,(0)

(46)
Substitute expression (46) into Egs. (44) and (45). Then they take the form
_1n i
ha(t) =5 [1 T tanh [ @ to)H (47)

The time duration of the energy exchange between the SPPs is about 1#us as it is
seen from Figure 9. Substituting relationships (43)-(45) into Eq. (37), we evaluate
the phases 0sa41,5(¢). They are given by the following expressions:

Re G(kx, kg, Aw)
Osa1(t) — 0s41(0) = — 5
2ImG (kx, kS, Aa)) (48)
xIn[I,(0) exp (gt) + 11(0)]
Re G (ks kS, )
Osa2(t) — 0s42(0) = 5
2ImG (kx, k;, Aw) (49)

xIn[1—11(0) + I1(0) exp (—gt)]

0 1 2 3
T, nsec

Figure 9.
The temporal dependence of the SPP normalized intensities I1 5 (t) for pumping wave amplitude
‘ESAlo (t)| = 106V/m
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The temporal dependence of the SPP SVA phases 0s41,2(¢) is shown in Figure 10.

It is seen from expressions (48) and (49) that SLS of the SPPs in the MIM
waveguide is accompanied by XPM. For the large time intervals ¢ — oo, the phase of
the pumping wave increases linearly:

Re Gk, k5, Ao o)
&
)

Osa1(t) — 0s41(0) — — S
2mG (ks kS, Ao

Such a behavior corresponds to the rapid oscillations of the depleted pumping
wave amplitude. The signal wave phase for t — oo tends to a constant value:

Re G (ks kS, A0

95A2(t) — HSAZ(O) — In [1 — 11(0)] (51)

21mG (ks kS, Ao

Substituting expressions (41) and (47) into Eq. (29), we obtain the explicit
expression for the dynamic grating amplitude. It takes the form

28()]0]6326165 \/ a)la)zh

Uq — —
° G(kx,kg, Aa)) cosh [ (t —to)]

expi(fsa1 — Osaz) (52)

The temporal dependence of the amplitude (52) normalized absolute value
|[Uo/Uomax | is presented in Figure 11. Here

2e0lo [k | /anaalh|
G (ks 5, 20|

I UO max | = (53)

We evaluate now the hydrodynamic flow velocity in the MIM wave guide core.
Substituting expression (28) into Egs. (1) and (6), we obtain

vz(x,2,1) = —iAw Uy sinh (2k§z) exp [i(2kxx — Awt)] + c.c. (54)
(a) (b)
0
4
® g -0.05
< 5
a? 2 =
1
-0.1
0
0 1 2 3 0 1 2 3
t, nsec t, nsec

Figure 10.
The temporal dependence of the SPP SVA phases Osa1(t) (a) and Osar(t) (b).
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0 2 4 6

t, nsec
Figure 11.
The temporal dependence of the dynamic grating amplitude normalized absolute value |Ug /Ug max |-
kS
vx(x,2,8) = Aw Uy k—z cosh <2k§z) exp [i(2kxx — Awt)] + c.c. (55)

X

Expressions (28) and (52)-(55) and Figure 11 show that the orientational and
hydrodynamic excitations in SmALC core of the MIM waveguide enhanced by the
SPPs are spatially localized and reach their maximum value during the time of the
energy exchange between the interacting SPPs.

5. Conclusions

We investigated theoretically the nonlinear interaction of SPPs in the MIM
waveguide with the SmALC core. The third-order nonlinearity mechanism is related
to the smectic layer oscillations that take place without the change of the mass
density. We solved simultaneously the equation of motion for the smectic layer
normal displacement and the Maxwell equations for SPPs including the nonlinear
polarization caused by the smectic layer strain. We evaluated the dynamic grating
of the smectic layer displacement enhanced by the interfering SPPs. We evaluated
the SVAs of the interacting SPPs. It has been shown that the SLS of the orientational
type takes place. The pumping wave is depleted, while the signal wave is amplified
up to the saturation level defined by the total intensity of the interacting waves. SLS
is accompanied by XPM. The phase of the depleted pumping wave rapidly
increases, while the phase of the amplified wave tends to a constant value. The SPP
characteristic rise time is of the magnitude of 10~ s for a feasible SPP electric field
of 10° V/m. The smectic layer displacement and hydrodynamic velocity enhanced
by SPPs are spatially localized and reach their maximum value during the time of
the strong energy exchange between the interfering SPPs.
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Chapter 9

Surface Plasmon Enhanced
Chemical Reactions on Metal
Nanostructures

Rajkumar Devasenathipathy, De-Yin Wu and Zhong-Qun Tian

Abstract

Noble metal nanomaterials as plasmonic photocatalysts can strongly absorb
visible light and generate localized surface plasmon resonance (SPR), which in turn
depends on the size, shape, and surrounding of the plasmonic metal nanomaterials
(PMNMs). Remarkably, the high-efficiency conversion of solar energy into chemi-
cal energy was expected to be achieved by PMNMs. Therefore, researchers have
chosen PMNMs to improve the photocatalytic activity toward targeted molecules.
This enhancement can be achieved by the effective separation of photogenerated
electrons and holes of the PMNM s in the presence of light. Surface-enhanced
Raman spectroscopy (SERS) has been performed for obtaining information about
the photochemically transformed surface species at molecular levels. A profound
understanding of kinetic mechanisms is needed for the development of novel
plasmonic catalysts toward various chemical transformations of targeted molecules.
In this chapter, based on the above discussions, the participation of SPR excitation
in PMNMs and photocatalysis toward chemical transformations of SERS-active
organic molecules such as aromatic amino and nitro compounds based on PMNMs
have been discussed in detail through theoretical and experimental studies.
Eventually, a summary and the future directions of this study are discussed.

Keywords: plasmonic metal nanomaterials, surface plasmon resonance,
surface-enhanced Raman scattering, chemical reaction, aromatic amino and
nitro compounds

1. Introduction

Surface plasmon resonance (SPR) is the phenomenon resulting from the reso-
nant oscillation of conduction electrons present at the interface between negative
and positive permittivity of plasmonic metal nanomaterials (PMNMs) that can
be induced by incident light. The electric field of the incident light and the free
electrons present in PMNMs results in SPR, which yields strong intraband transi-
tion [1]. Thus, the above physical process permits the PMNMs to collect the incident
light and focus the collected energy near the surface of PMNMs, which in turn
transforms the light energy into energy associated with excited charge carriers. The
features of PMNMs such as size, shape, and aggregation of nanoparticles as well as
the permittivity of surrounding medium decide the intensity of SPR and resonant
energy [2]. Several novel surface reactions, namely radiative and non-radiative
relaxations, are initiated by the effect of SPR. The influence of SPR leads to the
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generation of hot electrons and holes, which are usually termed as hot carriers [3].
These hot carriers can stimulate chemical reactions to the molecules which are
present vicinal to the PMNMs [4]. The exceptional characteristics of PMNMs have
been extensively employed in numerous applications such as photovoltaic cells,
plasmonic sensors, fuel cell fluorescence enhancement as well as local spectrosco-
pies including surface-enhanced Raman spectroscopy (SERS) [5].

Among other analytical techniques, SERS has been deliberated as a command-
ing analytical technique for the study of surfaces and interfaces. The phenomenon
of SERS was initially witnessed in pyridine adsorbed on a rough silver electrode
surface in 1974 [6]. Recently, SERS has been utilized as an in situ potential power-
ful technique that offers unusual surface sensitivity and information regarding
molecular fingerprint, to investigate the transient surface species as well as reaction
mechanisms. Based on the unique features, SERS has been widely used in medical
diagnosis, single molecule detection, pesticide analysis, safety inspections, and
identification [7]. Notably, plasmonic metal nanomaterials (such as Ag, Au, and
Cu), rough metal films, and gaps between metal surfaces and metal nanomaterials
are the widely used SERS platforms for promoting photochemical reactions [8].
The molecules comprising of mostly aromatic or unsaturated bonds are generally
targeted for SERS measurements. The Raman signal of the surface species present
vicinal to the plasmonic PMNMs can be considerably promoted by the enhanced
electromagnetic field, when excited with the appropriate light. Later, the electro-
chemical SERS had been also employed extensively to investigate the electrochemi-
cal processes (interfacial structures, surface reactions, and adsorption of species
on electrodes at different potentials) [9]. This measurement has been performed
in noble transition nanometals as well as single crystal surfaces for the chemical
transformation of aromatic molecules in recent years [10].

From the results of former studies, substituted and unsubstituted aromatic amines
as well as nitro compounds have been employed as demonstrative models for aromatic
compounds. It is also evident from the earlier studies that an azo species p,p-dimer-
captoazobenzene (DMAB) can be selectively resulted from the adsorbed substituted
or unsubstituted p-aminothiophenol (PATP) and p-nitrothiophenol (PNTP) on the
surface of PMNMs [11]. The PMNMs, pH of the solution, substrate, wavelength, and
power of irradiation as well as the environmental conditions can have a strong impact
on the above-mentioned conversion [12]. The study of this reaction mechanism is still
a challenging issue. The complete thermodynamic and kinetic data are also required
for the above system. Therefore, the interpretation of reaction mechanisms, which
assist in the optimization of experimental conditions and increasing yield as well as
selectivity, can be given by theoretical studies on model reactions.

In this chapter, we have given a brief explanation of SPR and its rapid relaxation
of nanometals toward surface hot carriers in Section 2. Then, charge transfer
mechanism (metal-to-molecule and molecule-to-metal) and the surface catalytic
coupling/condensation of aromatic amines and aromatic nitro compounds on noble
metal nanomaterials have been discussed through theoretical and experimental
results. Since the experimental conditions are highly dependent on the effect of pH
and adsorption of molecule, one of the aromatic amines (PATP) has been taken as
a model compound to discuss clearly the effect of pH and adsorption of molecule
on the nanometals in Section 3. As DMAB can be selectively resulted from the
adsorbed PATP and PNTP on the surface of plasmonic nanostructures during the
photochemical reaction, the reported SERS results from chemically synthesized
DMAB with experimentally derived DMAB from PATP and PNTP have also
been discussed in Section 3. Aerobic oxidation-assisted aromatic amine based on
nanoplasmonic photocatalysts will be discussed in Section 4. Finally, the reaction
mechanisms and future research prospective have been given Sections 5.
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2. Surface plasmon resonance effect on PMNMs and its fast relaxations

The phenomenon of collective excitation of free electrons present in the noble
metals when subjected to an external field generates plasmon resonance. For bulk
metals, the density of the free electrons decides the characteristic frequency ()
of plasmon resonance, that is, o, = (4nn/m.)"e; heren = density of conducting
electrons, m, = effective mass, and e = charge unit of electrons [13]. The plasmon
resonance frequencies of metals such as gold, silver, and copper in bulk were found
tobe 9.0, 9.0, and 7.9 eV, respectively. Noticeably, the energy of interband transition
is lower compared to the transition energies. This leads to the retardation of intra-
band transition, which in turn results in a fairly large damping constant. The fairly
accurate relaxation time has been calculated as about 10 fs [14].

Compared to gold, silver, and copper bulk metals, the frequency of SPR gradu-
ally shifts to the longer wavelength as the size of metals gets decreased under the
surface effect. The lower excitation energy of silver nanostructures hinders the
interband pathway, but considerably unusual optical characteristics are displayed
by the intraband transition [15]. Figure 1A shows the SPR of a spherical PMNMs
excited by visible light and the absorption and scattering of light on the noble
PMNDMs are primarily decided by the effect of SPR. The SPR effect is vital for the
formation of sub-wavelength area (hot spot), which results from the conversion of
far-field light irradiation into near-field photonic energy [16]. The probing mol-
ecules can display the effect of SERS/actuate the reactions of surface photochem-
istry, as they are adsorbed on the sub-wavelength area. The existence of SPR effect
can be observed on transition metals unlike noble metals (copper, gold, and silver).
The shorter lifetime of SPR is however due to the following reasons: (i) the radiative
relaxation based on the photon emission or (ii) non-radiative relaxation via produc-
ing hot carriers. The property of metals, size of nanostructures, energy and the
polarization of lasers can also determine the process of relaxation [17].

The size, shape, and dielectric constant of the medium of environment in which
the single metal nanoparticles are present determine the frequency of SPR. The
SPR lifetime is around 10 fs as the 2.2-eV incident photonic energy falls on gold
nanospheres (Figure 1B). This results in higher energy photogeneration (around
2.0 eV) of hot electrons compared to the Fermi level, but the energy of the hot hole
(lower than the Fermi level) was estimated to be around 1.0 eV [19]. The extinction
spectrum of a spherical silver nanoparticle (diameter = 15 nm) shows 380 nm as its
SPR frequency. A considerable decrease in the lifetime of hot carriers was observed
as the size of silver nanoparticles increased [20]. For instance, in the excitation
light, the major distribution of hot carriers was seen surrounding the Fermi level for

(B)

Hot holes L-J‘f”’n'

¥
Hot electrons
6 8
Energy (eV)

Figure 1.

(A) SPR of a spherical PMINM excited by visible light. (B) Normalized distribution of hot electrons and hot
holes on Au slab with thicknesses: (i) 10 nm, (i) 20 nm, and (iii) 40 nm with incident photonic energy of
2.22 €V (veproduced with permission from Govorov et al., published by Elsevier, 2014 [18]).
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the spherical silver nanoparticle possessing a diameter of 25 nm. When the size of
metal nanoparticles increases, a considerable increase in the probability of radia-
tion procedure was witnessed unlike nanoparticles with smaller size. In the case of
PMNMs, as the lifetime of SPR gets longer, a larger probability in the distribution of
hot carriers (high energy) was observed. The lifetime of SPR is longer for spherical
silver nanoparticles relative to gold nanoparticles based on the respective interband
transition energy values (3.2 and 2.3 eV) [19, 20].

3. Photoinduced charge transfer of aromatic nitro and amino molecules
on PMNMs

To illustrate the reaction mechanism, the electroreduction of p-nitrobenzene
to aminobenzene derivatives on the surface of noble metals was monitored by
SERS. The essential uses of p-substituted aniline as intermediates can be seen
in pharmaceuticals and dyes industries. The formation of p-substituted aniline
as a result of electrochemical reduction of p-substituted nitrobenzene was
revealed from the vanished Raman peak at about 1338 cm™" (corresponding to
the symmetric stretching vibration of nitro group in p-substituted nitroben-
zene) and appearance of new peaks. Whereas, the mechanistic pathway for the
electrochemical polymerization of aminobenzene or aniline was also studied
by SERS [21]. Gold colloidal nanoparticles, silver nanofilms, and copper
nanoparticles have improved the adsorption and photochemical processes of
substituted amino- and nitrobenzenes [22-24]. The reaction mechanisms and
the equivalent kinetics are however essential to comprehend the photochemical
reactions. All the vibrational frequencies witnessed by our DFT calculations
are not highly sensitive to the functional groups such as ==OH, ==COOH, ==SH,
=—CN, and ==NO,, which are substituted at para positions of nitrobenzene and
aminobenzene. All these substituted aminobenzenes and nitrobenzenes on
nanoscale noble metals were chemically transformed to azobenzene derivatives
after the photochemical reaction (Figure 2A). However, the SERS related to
the N=N stretching modes of para-substituted azobenzene exposes an appar-
ently high sensitivity [25]. In addition, the electron density of para functional
groups decides the relative intensities of the peaks. The peak appeared at
around 1430 cm ™" is weaker compared to the peak at around 1390 cm™ in the
case of electron-donating functional groups (hydroxyl, amine, and thiol). For
electron-withdrawing functional groups (nitro, nitrile, and carboxylic acid),
the peak detected at about 1390 cm™" is however weaker than the peak at about
1430 cm ™" (Figure 2B).

We have given the possible photochemical reaction mechanism for the reduction
and oxidation of substituted aromatic nitro and amino compounds into correspond-
ing azobenzene derivatives (Figure 3A and B). The substituted amino molecules
transformation into azobenzene derivatives in the presence of light involves two
steps: 1. Oxidation of amino molecules, and 2. Coupling of two oxidized amino mol-
ecules into disubstituted azobenzenes, whereas, the reduction of amino-substituted
nitro molecules transformation into azobenzenes in the presence of light involves
three steps: 1. Reduction of nitro molecules, 2. Condensation of reduced nitromol-
ecules to oxadia-ziridine, 2,3-bis (4-mercaptophenyl), and 3. Further oxidation
of Oxadia-ziridine can convert 2,3-bis (4-substituted phenyl) into disubstituted
azobenzene. The experimental results from the oxidation/reduction of different
para-substituted aminobenzene/nitrobenzene into para-substituted azobenzenes
nevertheless depends on the experimental conditions along with the laser powers
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Figure 2.

(A) Schematic representation for photochemical transformation of substituted amino and nitrobenzenes to
azobenzgene derivatives. (B) Raman spectra of azobengene derivatives with various para functional groups
simulated by PW91PW91/6-311 + G(d, p): (a) ==SH, (b) ==COOH, (c¢) ==NH,, (d) ==NO,, (¢) ==OH, and
(f) =CN. (veproduced with permission from Zhao et al., published by RSC, 2012 [25] ).

Figure 3.
Schematic vepresentation of reaction mechanism for the photochemical reduction of X-ArNO, (A) and
oxidation of X-AvNH, (B) (X = ==OH, ==COOH, ==SH, ==CN, and ==NO,).

employed for Raman excitation, electrolyte pH as well as adsorption that promotes
the electroreduction of nitro groups into aromatic amines or azo compounds. Thus,
numerous studies have been developed for studying the surface reactions of the
above mentioned SERS molecules.

Among other substituted aromatic nitro compounds, SERS has been employed
widely to study the photochemical as well as electrochemical reduction of p-nitro-
benzoic acid (PNBA) and p-nitro-thiophenol (PNTP) [26]. The decrease in the
intensities of several original peaks and appearance of several new peaks take place
in the course of cathode polarization/laser irradiation. Nonetheless, the detailed
study for the above spectral alterations is still contentious. The appeared new peaks
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are in concordance with the observed SERS results of aromatic amines adsorbed
on silver nanostructures [27]. Thus, some studies equate the new peaks to aromatic
amines as reduction products. For example, Sun et al. described that, the product
formed can be both aniline species and azo compound or individual aniline species/
azo compound. They proposed the charge transfer mechanism where the transfer
of charge between silver island films and p-nitrobenzoic acid arose from the laser
excitation [28]. The high-power laser irradiation also resulted in the formation of p,
p-azodibenzoic acid through reductive coupling reaction [29].

p-aminothiophenol (PATP) is a molecule possessing thiol group at the para
position of aniline. It can form self-assembled monolayer (SAM) on the surface of
nanometals. Additionally, PATP has been targeted as a significant surface probe
molecule in the areas of SERS and nanoscience. An exceptional and sturdy SERS
signal has been displayed by PATP. However, the study of enhancement mechanism
is still challenging since/in 1990s. An intense potential-dependent peak of SERS for
three excitation wavelengths (488, 514.5, and 633 nm) was seen at 1430 cm ™ [30]. As
the excitation wavelength increases, the potential analogous to the maximum Raman
peak intensity proceeds toward the direction of more negative potential [30]. This
reveals that these light irradiations can perform the charge transfer from the PMNMs
to adsorbed surface species. From DFT calculations of metallic cluster models, we
have proposed a clear theoretical pathway for the charge transfer mechanism from
PATP to PMNMs and PMNM s to PNTP in (Figure 4). In the course of incident light
excitation on the surface of rough/colloidal silver and gold, the participation of sur-
face plasmon and charge transfer processes have been described. At this juncture, for
oxidation and reduction reactions, the metal nanoparticles act as sink of electrons
and electron source. The Fermi level of PMNMs which exists in between HOMO
and LUMO of PNTP or PATP (adsorbate) can be altered by the applied potential.
The resonant charge transfer can occur as the energy difference between the ground
state y, and the photon-driven charge transfer excited state ycr equates the excit-
ing radiation energy. Thus, the charge transfer takes place from the molecule to the

Molecule to metal (B)
o1 1

Metal to molecule (A)

Muolecule

Figure 4.

(A) Schematic representation of charge transfer from metal to molecule: an electron excitation from the Fermi
level of PMINMs to the LUMO of aromatic nitro compounds. (B) Charge transfer from molecule to metal: an
electron excitation from the HOMO of aromatic amine to the Fermi level of PMNMs.
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surface of silver for X—~ArNH, and from silver surface to molecule for X—ArNO,. In
both cases, X symbolizes the thiol functional group at the para position. Later, the
excited surface complex possibly will go through one of the two dissimilar deexcita-
tions as follows: (i) based on the reverse charge transfer back to ground state which is
followed by a radiative process, where, this deexcitaion (purely physical) comprises
of either Raman scattering or fluorescence emission and (ii) photochemical reaction.
Here, a neutral ArNO,H radical can be formed by the excited nitro radical anion,
which takes up proton from proton donors present in solution. Further reactions
take place from the so formed neutral ArNO,H radical. The neutral ArNH radical
formed from the excited amine radical cation by giving out a proton. This ArNH
radical can undergo nitrogen-nitrogen coupling reaction (dimerization), indicating
the molecules are strongly adsorbed on the electrode surface (Figure 2). Thus, the
charge transfers from molecule (PATP) to metal nanoparticles and metal nanopar-
ticles to molecule (PNTP) occur. In fact, the experimentally observed charge transfer
should be responsible to a process from silver electrode to adsorbed DMAB species,
as proposed from previous DFT calculations [25].

3.1 Effect of pH toward photochemical reaction on PATP-adsorbed PMNMs

In order to give a clear explanation of the effect of pH, adsorption of molecules
for surface catalytic coupling reactions, and oxygen-assisted photocatalytic reactions
on PMNMs, we have chosen only para-aminothiophenols (PATPs) as representative
compounds. The SERS signals are highly sensitive to the pH of the electrolyte and
applied potential. It is evident from the previous SERS measurements of the adsorp-
tion of PATP on the surface of rough silver and gold electrodes, reported by Hill
and Wehling [31]. The property of SERS significantly varies from acidic to alkaline
medium. For the case of anodic and cathodic polarization, SERS spectra of PATP
show substantial variations in alkaline solution. In contrast to alkaline medium, a
good reversibility behavior (in intensity of SERS) was seen in acidic medium based on
changing potentials. As the applied potentials move toward the negative direction, the
SERS peaks (1130, 1390, and 1440 cm™) retained virtually in the alkaline medium. In
order to describe the above character, an isomerization of aromatic and quinonoidic
configurations was postulated for PATP adsorbed on the surface of metal electrodes
in acidic medium. Under negative applied potential (—1.4 V vs. Ag|AgCl) in pure
sodium disulfide, the quinonoidic configuration was proposed in alkaline medium
to support the above hypothesis. Based on the adsorption of PATP in the nanoscale
cavity between the substrate (gold) and silver nanoparticles, the isomerization and
charge transfer mechanism are given concurrently to the SERS mechanism by Zhou
et al. [32]. Till now, we know these changes of SERS are closely associated with the
surface catalytic coupling reaction of PATP to DMAB.

3.2 Adsorption configurations of PATP on PMNMs

The three adsorption features feasible as PATP toward the surface of metal are:
(i) formation of strong chemical bonds (Au==S or Ag==S bond) when the easy
binding of thiol group with gold/silver takes place, (ii) simultaneous breaking of
S=H bond, and (iii) the formation of weak coordination bonds (Au==N or Ag==N
bond) as the amino group moves closer to the surface of metal [33]. As a result,
there is concurrent binding between the surface of metal and thiol as well as amino
groups. On the metal surface, the top, bridge, and hollow sites possessing large
adsorption energies can hold the sulfur atoms (Figure 5A). The adsorption con-
figuration exposing a skewed angle with regard to the surface has been observed as
the top/bridge sites hold the thiol group. In the case of hollow sites, the molecular
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(A) One-end adsorption configuration at a top site, a bridge site, a hollow site, and double end configuration
through the interaction between C,y point group of amino nitrogen binding and silver. (B) Simulated Raman
spectra of PATP with different silver clusters using DFT theovetical methods (B3LYP/6-311 + G**(C, N, S, and
H)/LANL2DZ(Ag)) (reproduced with permission from Wu et al., published by ACS, 2009 [33]).

symmetric axis of PATP can be visualized as perpendicular with respect to the
surface. A skewed angle (about 60°) was observed with regard to the line normal to
the surface.

The adsorption configurations of PATP on PMNMs can be easily understood
from our DFT calculations [33]. The simulated Raman spectra of PATP adsorbed
on various silver clusters have been shown in Figure 5B. The frequencies of intense
peaks observed at 379, 630, 1001, 1071, 1167, 1336, 1476, and 1596 cm ! can be
related with the peak frequencies at 379, 630, 1010, 1080, 1181, 1334, 1489, and
1588 cm™. Here, the latter peak frequency values represent the PATP adsorbed
(in aqueous acidic solution) on a rough silver electrode [31]. The strongest Raman
peaks appear at 1071 and 1596 cm ™. These peaks symbolize the absolutely sym-
metric mixed vibrational modes of C=C and C==S stretching and the C=C bonds
stretching parallel to C; axis when we assume PATP with a symmetric point group
of C,,. Here we assumed that the backbone of the adsorbed PATP has a local and
approximate C,y symmetry of point group, as shown in Figure 4A. The totally
symmetric in-plane bending vibration of C==H bonds can be observed at 1181 as
well as 1489 cm ™. In the case of free as well as adsorption states, PATP has been
anticipated to be in C,y point group. The four vibrational modes (1125, 1286, 1322,
and 1426 cm ") with low Raman intensity present in between 1100 and 1450 cm™!
possess b, symmetry, which correspond to the asymmetric stretching of C==C
bonds and in-plane bending vibrations of C==H bonds. Our results along with
the study of vibrational analysis of free and adsorbed PATP revealed the deficit
vibrational fundamental frequencies at about 1390 cm ™. This shows the significant
dissimilarity between experimental as well as theoretical Raman spectra [30, 31].
In spite of the photon-driven charge transfer Herzberg-Teller vibronic coupling, a
likely intense peak of SERS cannot be offered by the chemical enhancement mecha-
nism of PATP. The spectra of PATP adsorbed on silver, gold, as well as copper were
investigated in various configurations in order to comprehend the vibronic coupling
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enhancement in the SERS spectra of PATP. These conclusions lead to the initial
hesitation for the strong SERS peaks only related to the earlier elucidated photo-
driven charge transfer enhancement mechanism of adsorbed PATP.

In analysis of low-lying excited states, a photo-driven charge transfer reaction
takes place from PATP toward the surface of metal. This has been also revealed from
our density functional theory (DFT) studies [34]. Additionally, the energies of low-
lying excited states have been evaluated by using a molecule-metal cluster modeling
system. The charge transfer energies for PATP-to-silver clusters (~2.28 eV) and
PATP-to-gold clusters (~2.08 eV) were estimated in the case of PATP-M,, clusters,
where n = 13. The energies of transition from M, clusters to PATP for charge transfer
excited states were additionally examined to be higher than 3.0 eV [35]. This reveals
that in common SERS measurements, the incident photonic energies are lower when
compared to the charge transfer energies from metal toward PATP. Furthermore,
it has been found that the interband transition energies of gold are lower than the
energies of charge transfer and the interband transition energies of silver are nearer
to the energies of charge transfer. Thus, under the irradiation of visible light, the
photon-driven charge transfer should take place from PATP towards metal surfaces.
This direction of charge transfer has been revealed from our early DFT calculations.
When the wavelength of laser increases, the maximum potential in the potential-
dependent SERS intensity profile should travel toward the positive direction. Our
theoretical results were in concordance with the results of theoretical studies from
other groups [36, 37]. In contrast, our results were incoherent with the earlier pro-
posed SERS results of PATP adsorbed on surfaces of various metals [30]. This above
deviation deliberates the additional uncertainty on the SERS signal appeared.

3.3 Surface catalytic coupling reactions on PMNMs

We observed that the mentioned charge transfer mechanism cannot be suitable
for all the experimental studies. Here, two main key contradictions were observed
as follows: (i) SERS peaks at 1140, 1390, and 1426 cm™" appeared in Raman excita-
tion wavelengths from 488 to 1064 nm for PATP-adsorbed silver and gold surfaces
[32, 38]. The same SERS peaks were also acquired in the nanocavity between silver
nanoparticle and smooth gold substrate that employs the wavelength of 1064 nm
[32]. The UV-Visible absorption peak at 295 nm (n — =* transition) of PATP in
methanol solution resembles transition energy of about 4.20 eV, whereas, SERS
peaks arising from photo-driven charge transfer are in the range of 1.16-2.54 eV
(corresponding to the incident photonic energy), which would contradict the
predicted charge transfer transition. Therefore, if the charge transfer enhancement
mechanism was categorized as a resonance-like Raman scattering process, this is
the inconsistent large energy gap between the intramolecular excited state and the
charge transfer excited state [39-41]. (ii) Another important contradiction is the
pH effect. In acidic solutions, the reversible behavior of intensity ratios of SERS
peaks (from1440 and 1080 cm™") was described with respect to the potentials
applied in the earlier studies. Some studies used isomerization to elucidate the
reversibility nature with applied potentials. In the case of alkaline solutions, the elu-
cidation of irreversible behavior is not possible. In addition, the correlation between
the reversible and irreversible nature in both acidic as well as basic solutions was not
simply explained on the basis of charge transfer mechanism.

Motivated by the experimental results, the probable surface species have been
reassessed. We have proposed three different surface species for adsorption of PATP
on the surface of PMNMs (Figure 6A). (i) PATP was oxidized to 4’-mercapto-
4-aminodiphenylamine by increasing the potential anodically at PATP-adsorbed
gold and platinum metal surfaces. Conversely, a quite different simulated Raman
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(A) The three possible reaction pathways of PATP adsorbed on nanostructured metal surfaces after the
photochemical reactions (I), (II), and (III). A theoretical adsorption configuration of DMAB adsorbed on
rough metal surfaces (IV). (B) SERS spectrum of synthesized DMAB (a), simulated Raman spectrum of
DMAB on two silver clusters using DET (PW91PW91/6-311 + G**(C, N, S, and H)/LANL2DZ(Ag) level
(b)), and SERS spectrum from PATP adsorbed on silver nanoparticles measured with the excitation at
632.8 nm (c).

spectrum was observed for the PATP adsorbed on silver electrodes [30]. (ii) The
formation of p,p’-diaminobenzenedisulfuride was observed for PATP adsorbed

on silver films, wherein the disulfide compound was believed to form from its
corresponding azo compound [42]. However, the disulfide bond will be shattered
because of the strong Ag-S bond on silver surfaces [43]. (iii) Chemical transforma-
tion of PATP to DMAB (p,p’-dimercaptoazobenzene) was due to the surface cata-
lytic coupling reaction on noble metal surfaces. We suggested that PATP adsorbed
on noble metal surfaces can transform to DMAB under irradiation of visible laser
based on our DFT and experimental results [33, 44].

DMAB complex was calculated on the basis of static polarizability derivatives.
Moreover, DMAB complex and DMAB-Ag, complexes were also obtained by a
single-end configuration, but the observed Raman spectra were found to be very
similar [33, 34]. In particular, the vibrations of azo (N—N) and benzene ring result
in the strong Raman peaks. The theoretical and experimental results from Sun and
Xu support the above interpretations [45, 46]. Considerable influence of Ag=—=S
vibrational frequencies was also observed by the corresponding strong Raman peaks
because of the localization interaction of sulfur and silver clusters. Furthermore,
the active Raman modes (Ag and B,) are the irreducible representations for symmet-
ric center trans DMAB to C,;, The strong Raman peaks at 1130, 1390, and 1440 cm™!
thus mainly appeared from azo group and benzene ring symmetric vibrations
of DMAB [(44)]. The peak at 1130 cm ™ resembles C=N symmetric stretching
vibration and the peaks at 1390 and 1440 cm™" show the mixed vibrations of the
N—N bond stretching and the C=H in-plane symmetric bending [33, 44]. By our
DFT calculations, we concluded that proper functional is very important to predict
the N—N bond distance, since the positions of latter two strong peaks are crucial.
Theoretical frequencies were in good agreement with the experimental frequencies
when the PW91PW91 functional was combined with the triple-zeta Gaussian basis
set 6-311 + G**, whereas, the theoretically and experimentally observed vibra-
tional frequencies are pointedly overestimated when B3LYP functional was used.
Two different N=N bond distances for DMAB were calculated to be 1.273 A (by
PW91PW91/6-311 + G**) and 1.256 A (by B3LYP/6-311 + G**) [33]. Other reports
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by gas electron diffraction showed comparable result with the experimental value
(1.260(8) A) of azobenzene [47, 48]. Figure 6B shows the theoretically simulated
Raman spectrum of DMAB (b) is in a good agreement with experimental spectra
of DMAB interacted with two silver clusters (a). But for DMAB, such a Raman
spectrum for PATP adsorbed on silver cannot be obtained even under the consid-
eration of the photon-driven charge transfer mechanism. Duan and Luo reported
that experimentally observed SERS peaks of DMAB adsorbed on silver surfaces are
the same as the theoretically observed SERS peaks for DMAB adsorbed on silver
surfaces [49]. This was considered due to the tension effect of the adsorption on
silver surfaces.

The intramolecular resonance effect can be contributed to DMAB adsorbed
metallic nanostructures since DMAB is a dye molecule, which owns its absorption
band in the visible region. We also observed that charge transfer takes place from
silver to DMAB molecule in the low-lying excited states. Recently, we reported the
resonance-like enhancement effect of photo driven charge transfer mechanism and
intramolecular electronic transition [33, 34]. As the molecular orbitals are mainly
distributed in the DMAB azo group (>C=N—N==C<), azo Raman peaks at 1130,
1390, and 1440 cm ™" strongly match with the photonic energies to the intramo-
lecular resonance energy, relative to other Raman peaks at 1078 and 1596 cm ™.
Because of surface plasmon resonance and intramolecular resonance effects, SERS
peak of DMAB appeared very easily after the oxidation of PATP through the surface
catalytic coupling reaction. Based on the deep studies, the SERS spectrum of DMAB
follows the surface-enhanced resonance Raman spectroscopy in the visible region.
This study also revealed that the enormous enhancement effect can be observed
in the SERS spectrum of PATP adsorbed on silver or gold nanostructures. The key
factors such as acidity and applied potentials influence the stability of DMAB at
electrochemical interfaces [50]. Therefore, DMAB can be converted into PATP in
acidic solution, due to the reversibility of applied potentials in acidic solution [51].
Even though, DMAB is more stable in the alkaline solution, it can be reduced into
PATP at more cathodic or negative potentials.

The charge transfer mechanism was also engaged to study the Raman spectra of
DMARB at silver/gold surfaces and PATP on silver or gold substrates. In the case of
DMAB, the photon-driven charge transfer is from metal (silver or gold) to DMAB,
whereas, photo-driven charge transfer occurs from PATP to metals under visible light
for PATP adsorbed on silver or gold substrates. Therefore, charge transfer directions
are opposite for low-lying excited states of PATP and DMAB. Moreover, the reversibil-
ity or irreversibility of DMAB is strongly dependent on acidity of aqueous solutions.

Kim and coworkers studied the abnormal SERS peaks arising from the view
of CT mechanism in various conditions such as pH, rotation, temperature, and
reducing agent as follows [52]. They observed SERS peaks at 1130, 1390, and
1430 cm™ in an acidic solution with pH = 3. SERS signals of the ==NO, symmetric
stretching gradually disappeared when PNTP was adsorbed on a rotation platform
with 3000 circles per minute modified with silver nanoparticles. They visualized
the strong peaks at 1130, 1390, and 1430 cm™" after 30 min. It was believed that the
strong peaks appeared only from the PATP, and not from PNTP. They concluded
that no photochemical reaction occurred for PATP at the boundary of ice and silver
nanoparticles at liquid nitrogen temperature (77 K) on the basis of nonexistence of
reaction for PNTP at the same boundary [52]. Even when strong reductants such as
NaBH, exist, they still observed abnormally strong SERS peaks. It may be assumed
that such a significant SERS band should be observed only in the SERS spectra of
PATP and DMAB adsorbed on noble metals.

The reaction mechanisms and their dynamics of PATP and PNTP are very dif-
ferent. The activation energy of the rate determination steps for PATP and PNTP on
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silver surfaces was calculated to be 5 and 12 kcal/mol, respectively. It indicates that
the PATP oxidation reaction rate is quite fast so that an early photochemical reaction
cannot be identified. The lack of thermodynamic properties and kinetic informa-
tion for these reactions are observed in certain studies, which deal with the reaction
mechanisms. Our opinions regarding the above issue as well as the anticipated
reaction mechanisms will be discussed in the next section.

4. Aerobic oxidation-assisted aromatic amine on PMNMs photocatalysts

The mechanism for the electrochemical reduction of aromatic nitro compounds
into aromatic amines at electrode interface has been reported by Haber in 1898 [53].
The catalytic oxidation of aniline to azobenzene on TiO,-reinforced gold nanopar-
ticles (in the presence of oxygen atmosphere) was proposed by Grirrane et al.

[54]. After that, several oxidation and reduction reactions of aminobenzene and
nitrobenzene have been reported to form azobenzene. However, limited number
of mechanisms (which strongly depend on experimental conditions) have been
investigated as silver/gold nanomaterials based on photochemical and photoelec-
trochemical processes under visible light [55]. The respective absorption bands for
PATP and PNTP occur around 300 and 326 nm revealing the absence of absorption
peaks of the above two molecules in visible light region [30]. Interestingly, many
studies reported that the surface reactions of PATP and PNTP chemically trans-
formed into DMAB in the presence of visible light regions using SERS. Therefore,
the adsorbed and photochemical reacted PATP and PNTP molecules on PMNMs
needed for the new pathways under SERS investigation.

The activation of O, is found to be one of the most significant steps in the case
of catalytic oxidation reactions. The activation of O, into two weakly-bonding
oxygen atoms has been achieved by employing silver anions and gold clusters [56].
The binding nature of negative metal clusters with oxygen is stronger, compared
to neutral metal clusters. The surface plasmon-mediated injection of an excited
electron from the optically excited silver nanoparticles toward adsorbate can activate
0O, into two weakly-bonding oxygen atoms as reported by Christopher et al. [17, 57].
Oxygen adsorption on the surface of plasmonic nanostructures may involve direct as
well as indirect charge transfer reactions. On the other hand, no clear evidences are
available to describe that either the direct or indirect charge transfer reactions played
the significant part [58]. The study of activation mechanism of oxygen is the chal-
lenging part, because of the catalytic oxidation reaction taking place on the surface
of plasmonic metal nanoparticles, which involves the direct participation of O, in
metal-oxygen battery systems.

The renowned surface plasmon resonance has been displayed in Figure 7A.
After the optical excitation of surface plasmon, there are two probable channels
of relaxation. The process of scattering (radiative decay into photons) or absorp-
tion (non-radiative decay into electron-hole pairs) may result in surface plasmon
damping (Figure 7B). When the volume of nanoparticle increases, the ratio of
scattering to absorption gets increased on the basis of discrete dipole approximation
(DDA) simulation and Mie theory calculation [59]. Aimed at the nanoparticles in
very small size, the generation of electron-hole pair acts as the foremost pathway to
decay. In order to demonstrate the dynamics of excited electrons and holes as well
as energy levels, several theoretical models were developed. Based on first-principle
TD-DFT calculations [60], we have recently studied the photoinduced excitation of
small metal clusters. The evaluated TD-DFT results are in concordance with the dis-
tribution results of plasmonic carriers in gold and silver nanoparticles, which were
acquired from the quantum equation of motion for the density matrix (18). Because
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(A) Schematic representation of coherent optical excitation of SPR on noble metal surfaces. (B) Hot electron-
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Figure 8.

(A) Schematic representation of surface oxidation coupling reaction for PATP-adsorbed PMNMs by surface
oxygen species activated by hot electrons under the excitation by visible light. (B) The hot-hole oxidization
mechanism for PATP adsorbed PMINMs in the solid/liquid interfaces.

of their higher energy, hot electrons will extend further away from the nanoparticle
surface than an equilibrium electron distributed at the Fermi level. As shown in
Figure 7C, the electron acceptor (oxygen adsorbed on a nanoparticle surface)
located nearer can accept the hot electron tunneling to its unoccupied orbitals. This
effective reaction is equivalent to the process occurring in the metal-semiconductor
composites [20].

The broader absorption bands observed in the region of visible light are due to
the influence of sturdy surface plasmon resonance. The generation of hot electron-
hole pairs by the process of irradiation relaxation depends on the lifetime (10-20 fs)
of localized SPR. The oxygen molecules can be reduced into active oxygen species
(under oxygen atmosphere) by the hot electrons (reducing nature) produced at the
surface of metal. Thus, adsorbed PATP on silver nanoparticles can be oxidized by
the active oxygen atoms (Figure 8A). Here, the oxidation of amine group results in
the formation of respective imine/free radical. Later, hydroazobenzene was formed
due to dimerization. Further oxidation leads to the formation of adsorbed DMAB
on the surface of silver nanoparticles [60].

In the absence of active oxygen species, the hot-hole oxidation mechanism for
the conversion of PATP into DMAB has been displayed in Figure 8B. The presence
of interfacial defects/small clusters lengthens the lifetimes of hot electrons or holes
on the surface of PMNMs. The energy of the hot hole at interfaces and the energy
position of the occupied orbital were alike for the adsorption of PATP on the surface
of metals [25, 60]. Thus, PATP can form a cation free radical upon oxidation. The
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intermediate formed can give out a proton to neutral imine free radical in alkaline/
neutral solution. This can be further dimerized and oxidized for the formation of
DMAB, parallel to the oxidization reaction based on surface-active oxygen species
[61]. Because of the SPR effect, a larger value of rate constant has been exposed by
the hot-hole oxidization mechanism unlike the direct charge transfer process.

The experimental environments decide the hot-hole oxidation mechanism for
the adsorption of PATP on the surfaces of noble PMNMs. Various investigations
have been reported for the generation of electron-hole pairs, which prompts the
chemical reactions on the surface of semiconductors. Once the electron-hole pairs
got separated, the electrons (present in conduction band) involve in the process
of reduction and the holes (present in valence band) are responsible for initiating
oxidation. An apparent decrease in the lifetimes of hot electrons and holes was
observed as the persistent distribution of energy band seen around the Fermi level
on the PMNMs [62]. On the surface of noble PMNMs, the lifetime of hole is fre-
quently found to be in femtoseconds [63]. The lifetime of excitation electrons (asso-
ciated with its excitation energy) in the excited sp-band is lower than the lifetime
of d-band holes [64]. The involvement of hole in the chemical processes has been
deliberated in limited reports. The relationship of excitation wavelengths with the
pH values has been presented by our results. The conversion of PATP into DMAB
based on the oxidation coupling reaction is a multistep reaction comprising of elec-
tron/hole transfer as well as proton transfer steps. The values of applied potential,
pH of solution, and incident photonic energy decide the chemical potentials of hot
electrons, holes as well as protons in the electrochemical SERS measurements [60].
As the incident photonic energy increases, an increase in energies of hot electrons
and holes was observed. In contrast, a decrease in their lifetimes with regard to the
Fermi level was observed. When the pH value of the solution increased, a decrease
in the chemical potential of protons present in the interfacial solution phase was
observed. The increase in the energy of hot-hole pairs as well as the value of pH
supports the oxidation of PATP into DMAB with loss of two electrons and two
protons for each surface reactant. This is complicated but interesting.

5. Summary and prospects

As the molecules from liquid/gas phase proceed toward the surface of metal,
considerable variations in the optical physical and chemical characteristics are
observed. SERS as well as surface photocatalytic chemical reactions explain the
above characteristic variations on PMNMs. Herein, the oxidation and reduction
reactions of PATP and PNTP on the surface of PMNMs were described. In addition,
the reaction mechanisms based on these aromatic compounds were investigated in
the region of visible light, where the surface plasmon resonance appears on nano-
structures of noble metals. The photo-driven charge transfer and the interfacial
chemical reactions take place because of the hot electrons and holes generated from
SPR relaxation. The hot electrons actuate the surface-activated oxygen species,
which result in the surface catalytic coupling reaction in gas/solid interfaces.
Relative to the activation barrier of gold nanostructures, the activation barrier of
silver nanostructures is smaller. It is evident from the DFT calculations in simulated
SERS and chemical reaction pathways. These calculations and SERS measurements
describe the reason for the occurrence of highly selective and rapid oxidation
coupling reaction of PATP Relative to photooxidation of PATP on PMNMs, the
photoreduction of PNTP is apparently slower. A steady decrease in the SERS signal
of the symmetric stretching vibration (nitro group) was observed in the photore-
duction reaction. The emphatic evidences for the photooxidation of adsorbed PATP
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on metal nanomaterials is inadequate compared to the evidences for the conversion
of PNTP to DMAB. The main reason is the former reaction is much faster than the
latter one. The primary outcomes for the photoreduction and photooxidation pro-
cesses have been given through theoretical as well as experimental investigations.
In addition, the effect of pH, power of laser, incident wavelengths, and oxygen
assisted on photoreduction/photooxidation were tried to be made clear.

The study of the effect of enhancement mechanism resulting from surface
plasmon resonance on the thermodynamic and dynamics of chemical reactions
of metals in nanoscale dimensions is an interesting area. The SPR can enhance the
local surface optical electric field on the surface of PMNMs, which in turn increases
the charge transfer probability between metal and molecules. The chemical reac-
tions on the surface were actuated by the hot electrons and holes generated from
the SPR relaxation. The processes result in surface transient active species inclusive
of anions with negative charge and free radicals carrying positive charge. However,
there is lack of evidence available for the initial reaction steps taking place on the
surface of PMNMs.

The major concern for hot electrons can be observed only in the photochemical
reactions on the surface of PMNMs. A contemporary consideration of hot electrons
as well as the hot holes is essential for a complete system of chemical reaction.

For the transformation of light energy in-to chemical energy, a stable and reliable
system can be created by PMNMs. The hot holes were attracted to the surface of
PMNMs after the completion of PATP photooxidation. But, the retention of hot
electrons reduces the surface oxidation species as well as hydrated protons and
water molecules into hydrogen gas. The hot electrons present on the surface of
PMNMs moreover result in hydrated electrons, which reduces the oxygen species in
solution phase. Here, the oxidation reactions are actuated by the hoarded hot holes
on the surface of PMNMs. In addition, water molecules in aqueous solution can be
oxidized into oxygen gas in the presence of hot holes. On the basis of SPR effect,
these photochemical surface reactions actuate chemical processes for the transfor-
mation of light energy to chemical energy. The above mentioned surface plasmon-
mediated chemical reactions, can find promising applications in the enhancement
of light energy efficiency in photocatalytic fuel cells and dye-sensitized and new
perovskite solar cells.
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Chapter 10

Thermal Collective Excitations
in Novel Two-Dimensional
Dirac-Cone Materials

Andprii Iurov, Godfrey Gumbs and Danhong Huang

Abstract

The purpose of this chapter is to review some important, recent theoretical
discoveries regarding the effect of temperature on the property of plasmons.
These include their dispersion relations and Landau damping rates, and the explicit
dependence of plasmon frequency on chemical potential at finite temperatures for
a diverse group of recently discovered Dirac-cone materials. These novel materials
cover gapped graphene, buckled howycomb lattices (such as silicene and
germanene), molybdenum disulfide and other transition-metal dichalcogenides,
especially the newest dice and a-7 3 materials. The most crucial part of this review
is a set of implicit analytical expressions about the exact chemical potential for
each of considered materials, which greatly affects the plasmon dispersions and a lot
of many-body quantum-statistical properties. We have also obtained the nonlocal
plasmon modes of graphene which are further Coulomb-coupled to the surface of a
thick conducting substrate, while the whole system is kept at a finite temperature.
An especially rich physics feature is found for a-7 3 materials, where each of the
above-mentioned properties depends on both the hopping parameter o and
temperature as well.

Keywords: finite temperature effects, plasmon dispersion, 2D materials

1. Introduction

Graphene, a two-dimensional (2D) carbon layer with a hexagonal atomic
structure [1-3], has recently attracted outstanding attention from both academic
scientists doing fundamental researches and engineers working on its technical
applications [4]. Now, the scientific community is actively investigating the
innovative semiconductors beyond graphene, with intrinsic spin-orbit interaction
and tunable bandgap [5].

A remarkable feature of graphene is the absence of the bandgap in its energy
dispersions. In spite of the obvious advantage of such bandstructure for novel
electronic devices, electrons in graphene could not be confined due to the well-
known Klein paradox [6]. To resolve this issue, graphene may be replaced with a
material with a buckled structure and substantial spin-orbit interaction, such as
silicene and germanene.

A new quasi-two-dimensional structure which has recently gained popularity
among device scientists, is molybdenum disulfide monolayer, a honeycomb lattice
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which consists of two different molybdenum and sulfur atoms. It reveals a large
direct band gap, absence of inversion symmetry and a substantial spin-orbit cou-
pling. A summary of all recently fabricated materials beyond graphene is given in
Figure 1. The last relevant example is black phosphorous (phosphorene) with a
strong anisotropy of its composition and electron energy dispersion. Even though
we do not study plasmons in phosphorene in the present chapter, there have been
some crucial publications on that subject [7, 8].

Plasmons, or self-sustained collective excitations of interacting electrons in such
low-dimensional materials, are especially important, since they serve as the basics
for a number of novel devices and their applications [9, 10] in almost all fields of
modern science, emerging nanofabrication and nanotechnology. Propagation and
detection of plasmonic excitation in hybrid nanoscale devices can convert to or
modify existing electromagnetic field or radiation [11-14]. Localized surface
plasmons are particularly of special interest considering their interactions with
other plasmon modes in closely-located optoelectronic device as well as with
imposed electromagnetic radiation [15].

Finite-temperature plasmons are of special interest for possible device applica-
tions. Among them is the possibility to increase the frequency (or energy) of a
plasmon by an order of magnitude or even more, specifically, as a consequence of
the raised temperature. As it was shown in Ref. [16], the dispersion of a thermal
plasmon is given as ~ /qkgT, where q is the wave vector. This dispersion relation
reveals the fact that the plasmon energy is monotonically increased with tempera-
ture and could be moved to the terahertz range and even above, which is crucial for
imaging and spectroscopy.

At the same time, the damping rate, or broadening of the frequency, of such
thermal plasmons varies as ~1/ /T, which means that we are dealing with a
long-lived plasmon with low or even nearly zero Landau damping. Both plasmon

Silicene

Figure 1.
Recently discovered two-dimensional materials: graphene and beyond graphene.
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frequency and the corresponding damping rate at finite temperature could be
adjusted by electron doping, and could also be determined for an intrinsic material,
where the chemical potential at T' = 0K is located exactly at the Dirac point, while
for zero temperature, intrinsic plasmons in graphene do not exist.

In this chapter, we will consider thermal behavior of plasmons, their dispersions
and damping rates. By equipping with this information, it is possible to predict in
advance the thermal properties of an electronic device designed for a particular
temperature range. In spite of a number of reported theoretical studies on this
subject [16-18], there is still a gap on demonstrating experimentally these unique
thermal collective features of 2D materials. Therefore, our review can serve as an
incentive to address this issue.

2. Novel two-dimensional materials beyond graphene

All the novel 2D materials considered here could be effectively assigned to an
individual category based on their existing (or broken) symmetries and degeneracy
in their low-energy band structure. We started with graphene having a bandgap A,

and single-particle energy bands e (k) = ++/ (hvpk)® + A3, which are symmetric
with respect to the Dirac point. Moreover, there is a total spin-valley degeneracy
g =g.g, = 4 for electrons and holes in each band.

Silicene and germanene, which represent buckled honeycomb lattices, possess
subbands depending on valley and spin indices, and therefore are only doubly-
degenerate. The electron-hole symmetry is broken for molybdenum disulfide and
other transition-metal dichalcogenides (TMDC’s). For these situations, even though
there exists a single electron-hole index y = %1, the energy of corresponding states
does not have opposite values for each wave number, even at the valley point. In
contrast to the electron states, the hole subbands reveal a splitting, as shown in
Figure 2. All these partially broken symmetries strongly affect the chemical poten-
tial of 2D materials as well as its finite-temperature many-body properties. Black
phosphorous, apart from all previously discussed broken symmetries, further
acquires a preferred spatial direction in its atomic structure which leads to a strong
anisotropy of its electronic states and band structures.

2.1 Buckled honeycomb lattices

The energy dispersions of buckled honeycomb lattices, obtained from a
Kane-Mele type Hamiltonian, appear as two inequivalent doubly-degenerate pairs

of subbands with the same Fermi velocity vr = 0.5 x 10° m/s and are given by

&L, (k) = 1\ (E08, — Ago)? + (hwgk)?, (1)

where y = %1 labels symmetric electron and hole states. Here, two bandgaps
[19,20] A. =|Aso — Azl and A, = Agp + A; are attributed to an intrinsic spin-
orbit gap Ago = 0.5 — 3.5 meV [21-24] and a tunable asymmetry bandgap A,
proportional to applied electric field &£;. The band structure, however, depends only
on one composite index v = ¢, a product of spin ¢ and valley ¢ index. At &, = 0,
two gaps become the same. As £, # 0, A. and A, change in opposite ways, and
electrons stay in a topological insulator (TI) state. Additionally, A . decreases with
&; until reaching zero, corresponding to a new valley-spin polarized metal. On the
other hand, if &, further increases, both A and A, will be enhanced, leading to a
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Figure 2.
Energy dispersions and density of states (DOS) p4(E) of silicene [(a) and (b)] and molybdenuwm disulfide MoS,

[(c) and (d)], where E(FO) and k{:o) are Fermi energy and wave number, respectively. For MoS,, its dispersions
and DOS, corrvesponding to parabolic band approximation in Eq. (23), are also shown for comparison.

standard band insulator (BI) state for electrons. As we will see below, all of the
single electronic and collective properties of buckled honeycomb lattices depend on
both bandgaps A < -, and therefore could be tuned by varying a perpendicular
electric field to create various types of functional electronic devices.

The wave function of silicene, corresponding to eigenvalue equation in Eq. (1),

takes the form [25]

g (k) _ lpg:l,a:+1 (k> ‘| ’

Vito- (k)

lel (k) + A5 )

¥ _ 14
Yol =\ 2 @) ’
7\ leko(k) — AG7 |

where 0, = tan "!(k, /k,) and AT = |E6A, — Asol.

Germanene, another representative of buckled honeycomb lattices [26-30],
demonstrates substantially higher Fermi velocities and an enhanced intrinsic
bandgap ~ 23 meV. For a free-standing germanene, first-principles studies have
revealed a buckling distances ~ 0.640.74 A [31, 32].

2.2 Molybdenum disulfide and transition-metal dichalcogenides

MoS,; is a typical representative of transition-metal dichalcogenide (TMDC)
monolayers. TMDC’s are semiconductors with the composition of TC, type, where
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T refers to a transition-metal atom, such as Mo or W, while C corresponds to a
chalcogen atom (S, Se or Te).

MoS, displays broken inversion symmetry and direct bandgaps. Its most crucial
distinction from the discussed buckled honeycomb lattices is its broken symmetry
between the electrons and holes so that the corresponding energy bands are no
longer symmetric with respect to the Dirac point, but could still be classified by a
single index y = £1. The absence of this particle-hole symmetry is expected to have
a considerable effect on the plasmon branches at both zero and finite temperatures
through the thermal convolution of the corresponding quantum states.

Specifically, the energy bands of MoS, can be described by a two-band model, i.e.,

2
il K+ - \/{(Ztoao)z + (A — fﬁﬂo)ﬁhz/me k4 (A — 5‘7’10)2’

fodo+ k43
(3)

where A = 1.9 eV is a gap parameter leading to an extremely large direct
bandgap ~1.7 eV. There is also substantial internal spin-orbit coupling 4o =
0.042A, toag = 4.95 x 10~?° J m is a Dirac-cone term, where t, = 0.884 A is the
electron hopping parameter while ag = 1.843 A is the lattice constant. The toa
term is & 0.47 compared to /vr in graphene. Similarly to silicene and germanene,
the energy dispersions of TMDC’s depend on one composite valley-spin index v = o¢.
There are also other less important but still non-negligible ~ %* mass terms with
a = 2.21 = 5.1404, and m, represents the mass of a free electron.

In practical, we will neglect the ~k* terms, ~#,a3 trigonal warping term and
anisotropy, which indeed have tiny or no effect on the density of states of the
considered material, but would make our model much more complicated. The above
dispersions could be presented in a form similarly to those for gapped graphene, i.e.,

e (k) = Ey (k) + y\/ [A%(k)]* + (toaok)?, where AY (k) = h2k2B/4m, + AJ2 — vig/2 is

a k-dependent “gap term” and the band shift is EY (k) = h*k’a/4m, + vlo/2. A set
of somewhat cumbersome analytical expressions for the components of the wave
functions corresponding to dispersions in Eq. (3) can be found from Ref. [25].

Using Eq. (3), we can verify that the degeneracy of two hole subbands (y = —1),
corresponding to v = 1, will be lifted and two subband will be separated by
A0 279.8 meV. However, this is not the case for two corresponding electron states
(y = 1). Consequently, the electron-hole asymmetry exists even at £ = 0 and
becomes even more pronounced at finite k values. One can clearly see this
difference by comparing Figure 2(b) with Figure 2(d).

3. Thermal plasmons in graphene and other materials

One of the most important features in connection with plasmons at zero and
finite temperatures is its dispersion relations, i.e., dependence of the plasmon fre-
quency @ on wave number g. Physically, these complex relations can be determined
from the zeros of a dielectric function er(q, w), [19, 33] given by

er(q, w) =1—v(q)Mr(q, w|u(T)) = 0, 4

where v(q) = 2za,/q = €*/2¢9¢€,q is the 2D Fourier-transformed Coulomb poten-
tial, a, = € /4zneg¢e,, and €, represents the dielectric constant of the host material.

The dielectric function introduced in Eq. (4) is determined directly by the
finite-temperature polarization function, or polarizability, Ilr(q, w | u(T)), which is,
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in turn, related to its zero-temperature counterpart, Ily(q, w | Er), by an integral
convolution with respect to different Fermi energies [34], given by

! Jd Mo(g, @ | n) )

r(g, @ | u(T)) = 25T 1+ cosh [(u—n)/ksT)’

where the integration variable # stands for the electron Fermi energy at T = 0.
This equation is derived for electron doping with # = Er > 0. We note that, in order
to evaluate this integral, one needs to know in advance how the chemical potential
u(T) varies with temperature T. Such a unique T dependence reflects a specific
selection of a convolution path for a particular material band structure, which we
will discuss in Section 4.

The zero-temperature polarizability, which is employed in Eq. (5), is quite
similar for all 2D materials considered here. The only difference originates from the
degeneracy level of the low-energy band structure, such asg = g g = 4 for
graphene with either finite or zero bandgap. We begin with the expression of the
partial polarization function with two inequivalent doubly-degenerate pairs of
subbands labeled by a composite index v

v 2 k-(k+q)+A2
i =gl oo EU

G)O[EF—E )]~ @o[Er e (1 + )]

h(w +107) + v (k) —ey,(|k+q|) ©)

where @ (x) stands for a unit-step function, and y = £1 stands for the electron or
hole state with energy dispersions above or below the Dirac point. Moreover, the
index v, which equals to 6¢ = +1 for buckled honeycomb lattices or molybdenum
disulfide, specifies two different pairs of degenerate subbands from Eq. (1) or Eq. (3).
Finally, the full polarization function at zero temperature is obtained as

Iy (q, w|EF) = ZH (g, w|EF). @)

v==+1

If the dispersions of low-energy subbands do not depend on the valley or spin
indices £ and 6, summation in Eq. (7) simply gives rise to a factor of two, as we have
obtained for graphene.

Integral transformation in Eq. (5), which is used to obtain the finite-temperature
polarization function from its zero-temperature counterparts with different Fermi
energies, was first introduced in Ref. [34]. It could be derived in a straightforward
way by noting that the only quantity which substantially depends on temperature in

Eq. (6) is the Fermi-Dirac distribution function ng [E; (k) — ,u(T)} . It changes to the
unit-step functions O [EF — & (k)] at T = 0, as used in Eq. (6). As the temperature

T increases from zero, the distribution function in Eq. (6) evolves into [35, 36]

ne [e4k) — u(T)] =2 [1 ~ tanh (%ﬂ

Tdn 0o [u(T) - & (k)|
0

4kpT cosh *{[u(T) — 5| /2ks T}’ ®)
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For accessible temperatures, the energy dispersions &/ (k), corresponding wave
functions and their overlap factors are all temperature independent. As a result, the
polarization function is expected to be modified by the same integral transforma-
tion, or a convolution, as each of the Fermi-Dirac distribution function in the
numerator of Eq. (6).

We first look at intrinsic plasmons with Er = 0 at T = 0. In this case, u(T) also
remains at the Dirac point for any temperature T. As T increases to kgT > Ep >0,
on the other hand, I1y(q, w| Er) for gapless graphene gives rise to a plasmon disper-
sion , ~¢ T in the long-wave limit and the damping rate is ~ ¢*?/V/T. As a result,
the plasmon mode becomes well defined [6] for g < 16€q¢, kpT /7>

Additionally, finite-T polarization function Il7 (¢, |ur, As) of a 2D material is

directly related to its optical conductivity 64 (wl|ur, Ay) through [19]

Ilr(q, , A
GOT) (wlur, Ap) = iwe ;ii% W ) 9)

where we introduce the notation yy = u(T), Il (q, @ | pr, Ag) ~ g* asq — O for
each of our considered 2D materials, regardless of their band structure, as given by

Eq. (47) for T = 0. This conclusion holds true even for finite T and makes the optical
conductivity independent of ¢, and therefore the ¢ — 0 limit in Eq. (9) becomes finite.

From Eq. (9), we find explicitly that

(0) 4Ep A/; ZA/;
Im[oo (w|Ep, Ap) } 7 hZ{ <EF) 1+(hw )
20,
1 (5 hw)

p=+1

Here, the state-blocking effect due to Pauli exclusion principle directly results in
the diminishing of the real part of the optical conductivity at zero temperature for
hw <2Ep. However, if T > 0, such state-blocking effect will not exist [37-40] due to

o(Er —ej(k)) = %{1 ~ tanh {‘W—_”T] } (11)

ZEF—h(}J

In 2Er + ho

+

&2

Re [ag’>(w|EF,Aﬂ)} 0o —2E;) Y

f=1

(10)

2kgT

Furthermore, for gapless (Az = 0) but doped (Er > 0) graphene in the high-T
limit we obtain from Eq. (10)

2 2
T) e ho _1 ho
% (@lkr, 8y = 0) =5 {16k3T 1 3<4kBT
21n2kpT E 4 2
.£2InZRp F
B 1422 —2F
e T <4ln2kBT> }

where we have used the high-T limit [17] for the chemical potential
pr~ (Ez/41n2kgT). In either case above, we have to present analytical expression
for u(T) as a function of T so as to gain the explicit T' dependence of optical

conductivity. From Eq. (12) we conclude that Im [J(OT) (o|pr, Ay = O)] depends

weakly on Ep.
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On the other hand, for gapped (Az = Ag) but undoped (Er = 0) graphene at
high T (kgT > A¢ and w), we get its optical conductivity [41]

¢ [ ho A
Re {G(OT)(CUWT, AO)LF:O =16 (kB—T> <1 - %),

() _ 4 (ksT (BN (e 2o
Im [O’O (w|ﬂT,AO):|EF:O - 7h (ha) 2In2 kBT (CO In 2kBT ’

where the constant Cy ~ 0.79 appears due to a finite bandgap. [36].

4. Chemical potential at finite temperatures

As we have seen from Section 3, we need know x(T') as a function of T explicitly
so as to gain T dependence of polarization function, plasmon, transport and optical
conductivities, or any other quantities related to collective behaviors of 2D
materials at finite temperatures [42].

The density of states (DOS), which plays an important tool in calculating
electron (or hole) Fermi energy Er and chemical potential u(T), is defined as

p@E =33 J% 5<E—eg,a(k)>, (14)

y=%1&,0=%1

where 6(x) is Dirac delta function. Using Eq. (14), we immediately obtain a
piece-wise linear function for silicene [43]

1 E E
pa(E) = p Z hyz—z Z O (;— Ai>~ (15)

y==x1 UF =<,>

This result is equivalent to the DOS of graphene except that there are no states
within the bandgap region, as demonstrated by two unit-step functions
Oo(|E|—A<) and Og(|E|—A>).

Finally, the chemical potential #(T') can be calculated using the conservation of the
difference of electron and hole densities, [17] n,(T) and n;,(T), for all temperatures
including T = 0, i.e.,

oo 0
n=n(T) = m(T) = | dEpu(®)f 4 E.T) - | dBp®)1-f,4E T, G6)
0 NS

wheref (E,T) = {1+ exp[(E — u(T))/kpT]} " is the Fermi function for
electrons in thermal equilibrium. The hole distribution function is just
fr=1(E<0,T)=1-f ,(ET).

At T = 0, it is straightforward to get the Fermi energy Er from Eq. (16) for
silicene

1
E% - 5 (A% + A%) = (hop)’ n. (17)
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where we have assumed that both subbands are occupied for simplicity. The dis-
cussions of other cases can be found from Ref. [18]. Consequently, minimum electron

density required to occupy the upper subband of silicene is 7, = 2A50A, /7h*v?.
On the other hand, by applying Eq. (16), in combination with DOS in Eq. (15),
for silicene, a transcendental (non-algebraic) equation [43, 44] could be obtained

for u(T), that is

R )

y=x1 i=<,>
LA ru(T) — A;
kBT (1 + exp [ %sT } >}, (18)

where Liy(x) is a polylogarithm or dilogarithm function, defined mathematically
by

o) -~ [ae[ 0= )

0

Interestingly, the right-hand side of Eq. (18) contains terms corresponding to
both pristine and gapless graphene, using which we find from Ref. [17].

S L

y==+1

as well as a well-known analytical expression for uy(T) of 2D electron gas with
Schrédinger-based electron dynamics

52
uo(T) = kgT log <1 + exp L,Z* /:;(JT] > (21)

An advantage of Eq. (18) is that it could be solved even without taking an actual
integration. In fact, one can either readily solve it numerically using some standard
computational algorithms, or introduce an analytical approximation to the sought
solution near specific temperature assigned.

Numerical results for u(T) of silicene are presented in Figure 3. In all cases, u(T')
decreases with increasing T from zero. However, it is very important to notice that

L6 : ~amgane gt
I I{[“.] __;_\ —l"'/ |"4 F h"\-\\ v ‘g.l’hf-(.’”(.’ @ :
L4t = 1.0-107m l 2= --»\ RN T 1OE.
A I | _f % 9.6 ]
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Figure 3.
Temperature dependence of the chemical potential u(T) for silicene with two inequivalent energy subbands with

various bandgaps and a fixed doping density n =1 x 10" cm=2 Panel (a) highlights the situation close to
T = 0, while panel (b) shows the whole temperature range. Here, Eq is the Fermi energy of graphene.

187



Nanoplasmonics

u(T) never reaches zero or changes its sign in the systems with an electron-hole
symmetry due to increasing contribution from holes in Eq. (16). All of displayed
results in Figure 3 depend on individual bandgaps A« and A . The special case
with AL = A, corresponds to gapped graphene, for which plasmon modes at

T = 0 were studied in Ref. [33]. The graphene Fermi wave number is kp = /27,
irrelevant to its bandgap. The general relation between kr and # in 2D materials is
given by (27)*n = g zk?. The experimentally allowable electron (or hole) doping is
within the range of n = 10'° — 10 cm2, leading to kr = 10° — 107 cm™ L. For two
pair of inequivalent subbands, such as in silicene or MoS,, there are two different
Fermi wave numbers for these subbands. Moreover, the numerically calculated
u(T) as functions of T for electron and hole doping are presented in Figure 4. In this
case, however, there exists no electron-hole symmetry, and therefore the resulting
u(T) can be zero and change its sign as T increases, in contrast to the results in
Figure 3.

Eq. (18) could also be applied to a wide range of 2D materials if its DOS has a
linear dependence on energy E. Particularly, it is valid for calculating the finite-T'
chemical potential of TMDC’s with an energy dispersion presented in Eq. (3).
However, we are aware that some terms in Eq. (3) for TMDC’s, which might be
insignificant for dispersions of other 2D materials, become essential in DOS because
of very large bandgap and mass terms around k& = 0. As an estimation, for
k/ko ~5.0, the correction term =~ /)’Ak4 must be taken into account. Meanwhile, the
highest accessible doping 7 = 10 cm~2 only gives rise to a Fermi energy Er ~ o,
comparable to spin-orbit coupling.

Now, we turn to calculate 4(T) as a function of T for MoS, with a much more
complicated band structure. After taking into account the ~ k* mass terms, we are

able to write down [18]
- Jo] 1
Vo
@0()/|:]ET:| 7§(A IJ/IO)),

(22)

1

= 2
2nh Bt

a+yp  r(toao)
4m.  B*(A — vho)

pa(E)

where the calculation is based on a parabolic-subband approximation, i.e.,

k) = 2 do(1— 1)+ 7Al + | (ot 1) + 23)

4m, A —vly

h’ }’(toﬂo)zl B2
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: | I
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Figure 4.

Temperature dependence of the chemical potential u(T) for molybdenum disulfide for cases of electron

(a) and hole (b) doping with various doping densities. u(T) might change its sign in contrast to the previously
considered graphene and silicene. The two insets demonstrate how the Fermi enevgy depends on the electron
and hole doping densities, correspondingly.
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From Eq. (22), we further seek an explicit expression for DOS in the form a
piecewise-linear function of energy E: p,(E) = A; + B;E. A complete set of expres-
sions for DOS of MoS, has been reported in Ref. [18]. Here, we merely provide and
discuss these DOS expression around the lower hole subband with Ex — A/2 — 4o,
yielding

A
pa(E) = + {IE - (5 + %)]cﬂ

C<1> - l A — IJ/lo
© 21 A (aoto)’ + (B — a)(A —vig)

[(aoto)z + 2B/ (4m,) (A — mo)r(sg

w1 <0, (24)
T 2 2 3
=1 { @oto)” + 1/ (4m,) (B — ) (& — v20)] |
or numerically,
1 E
) =0233 —5 =1517 ",
toag (hor)
1 1
oV = 0458 —— = —2.077 ——. (25)
(foa0) (hvr)

The calculated numerical results for DOS in all regions are listed in Table 1. All

introduced coefficients cg>, c§l> fori =1,2,3 can be deduced from the calculated
parameters A; and B; using a similar correspondence as in Eq. (24).

The critical doping density which is required to populate the lower hole subband
in MoS, is found to be

2 AoA

=1.0x 10" em™2. (26)
7 (toao)

Therefore, for most experimentally accessible densities n <10% cm~2, the lower
hole subband still could not be populated at T' = 0.

Next, we would evaluate both sides of Eq. (16) for MoS,. As an example, we
consider electron doping with density %, > 0. The electron Fermi energy E7 is
determined by the following relation

(3) 2
C 2 A 3 e A
ne%[(E‘;) 4}+cé><EFE>. 27)

From Eq. (27), we can easily find the electron Fermi energy Er > 0 as

Range index Energy range y v A;[1/(toad)] B;[1/(toa0)*]

i=1 E< —A/2—12 -1 +1 0.0174 —0.169

i=2 |[E+ A/2| <0 -1 -1 0.043 —0.308

i=3 E>A/2 +1 0.078 +0.179
Table 1.

Linearized density of states (DOS) p,(E) = A; + B;E of MoS, for all three energy regions. Here, the DOS
within the gap region, —A/2 + Ay <E < A/2, is zero.
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1 A\?
B = [_69 n \/ <Cg3> +c 5) +2nec§3>‘. (28)
31

In a similar way, for hole doping with density 7, and the Fermi energy Eﬁ
located between two hole subbands (region 2), we find

1 A 2
IEF| = = {\/{69 —c? <5 - io)] — 2wl — g }, (29)
‘

where C§2) <0andE < — A/2 + Ag. From Eq. (29) we easily find the doping density

A
= (S+E: -2
" (2 °>

The right-hand side of Eq. (16) for TMDC’s could be expressed as a combination
of electron and hole contributions Z,(A|T) — Z;,(A, A9|T). Here, we will introduce
two self-defined functions

@)
>+7<%— (EZ+/10)>] (30)

1 (31)
E—u(T)\|
A1(E,T) =EA(E, T) = E |:1 + exp <¢>:| ,
kT
so that
1 oo
Z(AIT) =Y ¢ J AEA(E, T). (32)
=0 A2
For convenience, we introduce another function R, (T, X)
T P
- (33)

Rp(T,X) = Jdé 1+ exp (& —X/ksT)’
0
where £ = (E — A, )/kgT. Consequently, we are able to rewrite Eq. (32) as
A A A
Z.(AlT) = kBT(CS) + 5) Ro (TaM(T) - 5) + ¢ (ksT)* Ra (T,M(T) - 5) ,

(34)

where two terms with p = 0,1 are physically related to a 2D electron gas.
Explicitly, Eq. (33) leads to

R~ o (14 ep (25))
Rt = 1o (),

(35
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Using these self-defined functions and their notations, we finally arrive at the
“hole term” T;,(A, 40|T) in Eq. (16)

0 —A/2+2

L dE p,([E|)[1—f£,(E, T)] = L AR (Cg)z) _ cgz)E) [1 + exp (f%)] B
—A/2—1o

W o) u(T) —E\]
+ J dE (8¢ — 5c{'E) [1 + exp (—kBT

j=1
(36)
where 8¢ = ¢!V — ¢ fori = 0,1, and
TW(A, 4| T) = kBT@ —Jo+ c;"))RO(T, —[u(T) + A/2 = Ao)),
(A, 0| T) = S (kpT)? Ra(T, —[u(T) + A/2 — Ag)), -

A
(A, 4| T) = kBT<§ + o + 5c§°)> Ro(T, —[u(T) + AJ2 + 4o]),

T (A, 40| T) = 8¢ (ks T)? Ra(T, —[u(T) + A/2 + Ao)).

Here, both Z,(A|T) in Eq. (34) and Z;,(A, 40 |T) in Eq. (36) comprise a finite-
temperature part for the right-hand side of Eq. (16). Its left-hand side has already
been given by Eq. (27). From these results, it is clear that there exists no symmetry
between the electron and hole states at either zero or finite T. Finally, u(T) of
TMDC’s could be computed from a transcendental equation in Eq. (18), similarly to
finding u(T) for silicene.

By using the calculated u(T), the plasmon dispersions and their Landau
damping, determined from Egs. (4) and (5), are displayed in Figure 5 for silicene at
different T. Comparison of panels (a) and (b) indicates that the T dependence of
plasmon damping is not uniform even on a fixed convolution path 4(T'). The doping

43 022 00 083 042 pa

5 =i
Enky = I (T1,} Epky - Im (10, mEETITRRE

30 | 4 30 Tl
25 | 15 ! | B
N |
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o : ! i 5
54 sk 1
: : ’ 1
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Figure 5.
Particle-hole modes and plasmon branch for extrinsic (doped) silicene layer at a finite temperature. Panels (a)

and (b) show two comparative graphs for Im[Ily(q, w|u(T))] at zero and finite T, respectively, while plot (c)
presents the finite-T plasmon branch with u(T) calculated from Eq. (16).
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density, on the other hand, widens the plasmon damping-free regions. Therefore,
both the thermal and doping effects are found to compete with each other in
dominating the plasmon dampings through selecting different convolution paths
u(T) with various doping densities or Fermi energies. Furthermore, the plasmon
energy in (c) is pushed up slightly by increasing doping density at finite T.

5. Dice lattice and a-7 ; materials

In addition to graphene and silicene, another type of Dirac-cone materials is the
one with fermionic states in which multiple Dirac points evolve into a middle flat
band. One of the first fabricated materials with such a flat band is a dice or a 73
lattice, for which its atomic composition consists of hexagons similarly to graphene,
but with an additional atom at the center of each hexagon. In a dice lattice, the bond
coupling between a central site and three nearest neighbors is the same as that
between atoms on corners, while for an a-7 3 model the ratio a between hub-rim
and rim-rim hopping coefficients can vary [45, 46] within the range of 0 <a<1.

The low-energy electronic states of a-7 3 materials are specified by a 3 x 3
pseudospin-1 Dirac Hamiltonian, which results in three solutions for the
energy dispersions and includes one completely flat and dispersionless band with
€o(k) = 0. The other two bands are equivalent to Dirac cone ¢4 (k) = thvrk in
graphene with the same Fermi velocity vr = 10® cm/s. All of three bands touch at
the corners of the first Brillouin zone, and therefore the band structure becomes
metallic. In addition, the flat band has been shown to be stable against external
perturbations, magnetic fields and structure disorders [47].

The a-7'3 model was initially considered only as a theoretical contraption, an
interpolation between graphene and a dice lattice. As parameter o — 0, this
structure approaches graphene and a completely decoupled system of the hub
atoms at the centers of each hexagon. A bit later, first evidence of really existing or
fabricated materials with a-7 3 electronic structure began mounting up. This
includes Josephson arrays, optical arrangement based on the laser beams, Kagome
and Lieb lattices with optical waveguides, Hg;_CdTe for a specific electron dop-
ing density, dielectric photonic crystals having zero-refractive index and a few
others [48, 49]. So far, a-7 3 model is believed to be the most promising innovative
low-dimensional systems, and is one of the mostly investigated material in modern
condensed matter physics. The most important technological application of a-7 3
rests on the availability of materials with various a values, i.e., with small and large
rim-hub hopping coefficients, ranging from a = 0 for graphene up to a = 1 for a
dice lattice.

The low-energy Dirac-Weyl Hamiltonian for the a-7 3 model is [45]

0 k cos ¢ 0
H?(k) = hop | k% cos ¢ 0 kS sing |, (38)
0 ki sin ¢ 0

where k = (kx,ky) is the electron wave vector, k‘i = &ky + ik, & = £1 corre-
sponds to two different valleys, and v is the Fermi velocity. Here, the parameter a
is related to the geometry phase ¢ = tan ~'a which directly enters into the Hamil-
tonian in Eq. (38). The phase ¢ possesses a fixed, one-to-one correspondence to the
Berry phase of electrons in a-7 3 model. In particular, for a = 1 or ¢ = 7/4 we geta
dice lattice with its Hamiltonian given by [50].
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0 k 0
~d th
H.(k)=— k5 0 k¢ |. 39
§< ) \/i + — ( )
0 k5 0

Three energy bands from Hamiltonian in Eq. (38) or Eq. (39) are ¢ (k) = yhvgk
for valence (y = —1), conduction (y = +1) and flat (y = 0) bands. These energy
bands are degenerate with respect to ¢ and phase ¢. The corresponding wave
functions for the valence and conduction bands take the form

& cos ¢p e 0k
_ 1
(kI 9) = ro (40)
& sin ¢ ek

where tan 6y = k, /k.. Meanwhile, for the flat band, we find

£sin ¢p e 0
POk | ¢) = 0 : (41)

—&cos ¢ ek

Here, the components of wave functions in Egs. (40) and (41) depend on valley
index £ and phase ¢, which leads to the same dependence on all collective properties
of an -7 3 materials, including plasmon dispersion.

Now we turn to deriving plasmon branches and their damping rates at finite T in
a-7T 3 model. The computation procedure is quite similar to that in the case of two
non-equivalent doubly degenerate subband pairs, including silicene, germanene
and MoS; discussed in Section 4.

For a-7'3 model, the finite-T polarization function Ily(q, |u(T)) can be
obtained by an integral transformation of its zero-temperature counterpart
IIy(q, w|EF), as presented in Eq. (5). In this case, the zero-T counterpart I1y(q, ®|EF)
is calculated as

1
Mo(g, 0lFr) == > szk@y,y, (koke + q1)

7,7'=0,+1
. @o(Er — &, (k) —©o (Er — & (|k +q))

h(@+i0%) +¢,(k) — e/ (| k+q]) o

Structurally, Eq. (42) looks quite similarly to Eq. (6) for buckled honeycomb
lattices and TMDC’s. The most significant difference comes as the existence of an
additional flat band with y = 0 so that the summation index runs over +1 and 0
instead of two. On the other hand, the overall expression for I1y(g, w|Er) in Eq. (42)
is simplified because the 4-fold degeneracy of each energy band independent of
valley and spin index.

Here, we would limit our consideration to the case of electron doping with n> 0
and apply the random-phase approximation theory only for that case. For electron
doping with z > 0, we can neglect the transitions within the valence band and also
the transitions between the flat and valences bands due to full occupations of
these electronic states. On the other hand, the overlap of initial and final electron

transition states is defined by [51] @f’y, (k,K'|¢, 20) with respect to the initial
‘I‘f(k, o) and the final ‘Pf, (', ) states with a momentum transfer g = k' — k, i.e.,
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O, (ke +qlh, 20) = IS5, (ke +q |, al)’, -
43
S5, (el + qp, do) = (W5 (R, o) 195 (e + 4, o) )

where fy )v = 0y — 6y is the scattering angle between two electronic states and

k' = \/ k* + g% + 2kq cos By o . Moreover, we find from Eq. (43) [52]

0;, (k. ke +qldh, 20) = [(1 + cosfrue)’ + cos?(26) sinhy (44)

A=

for an arbitrary value of ¢ or a. It is easy to verify the known results

(1+ cospy ) /2 for graphene and (1+ cos ﬂk)kr)z /4 for a dice lattice as two
limiting cases of our general result in Eq. (44) as @ — 0 or @ — 1, respectively.
Furthermore, we find from Eq. (44) that the overlap does not depend on valley
index &, even though individual wave function does, and then this index can be
dropped. However, the valley-dependence in @f,y, (k. ke + q |, A0) persists if a-T3
material is irradiated by circularly- or elliptically-polarized light. This incident
radiation permits creating an valleytronic filter or any other types of valleytronic
electron device.

Density plots for Landau damping with Im[ITo(q, w|p(T))] # O is presented in
Figure 6, where we find plasmon branch will be completely free from damping
within the region determined by Zw/E¢ <1and q/ko <1, independent of geometry
phase ¢. On the other hand, another region with 2w </vrq (below the diagonal)
becomes always Landau damped. Increasing T is able to increase greatly the
damping in the region below the diagonal, as seen in Figure 6(c).

In a correspondence to the damping of plasmons presented in Figure 6, we show
in Figure 7 the density plots for plasmon dispersions at T' = 0 in (a), (b) and
kgT = Ep in (c), (d). Comparing Figure 7(a) with Figure 7(c) we have clearly seen
the thermal suppression of Landau damping for plasmon mode entering into a high-
frequency region beyond %iw = Er. To visualize a full plasmon dispersion clearly, we
also include damped counterpart in Figure 7(b) and (d) at T = 0 and kT = EF,
respectively, where a significant enhancement of plasmon energy appears for large
g values, moving upwards from the diagonal.

-3 L K8 44 00 " AL92 046 00
Egky “1m {IL.) py ey Enks b (11,)

147 07 00
.
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Figure 6.

Particle-hole modes, determined by non-gero Im[Ilo(q, | u(T))] within the q-w plane, for an a-T 3 layer with
¢ =n/10 (in (a), (c)) and ¢ = n/7 in (b). Panels (a) and (b) correspond to T = 0, while plot (c) is for
kBT =1.0 EF.
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Figure 7.

Plasmon branches for an isolated a-T 3 layer with ¢ = x/10. Panels (a) and (c) only show undamped
plasmons, while (b) and (d) display full plasmon branches including damped ones. Left panels (a) and
(b) corresponds to T = 0, while kgT = 1.0 E for right panels (c) and (d).

6. Plasmons in a-7 3 layer coupled to conducting substrate

In the last part of THIS CHAPTER, WE WOULD LIKE TO FOCUS ON finite-T
plasmons in a so-called nanoscale-hybrid structure consisting of a 2D layer, such as,
graphene, silicene or a dice lattice, which is Coulomb-coupled to a large, conducting
material. Physically, the Coulomb coupling between the 2D layer and the conductor
results in a strong hybridization of graphene plasmon and localized surface-
plasmon modes. This structure, which is referred to as an open system, could be
realized experimentally or even by a device fabrication.

Our schematics for an open system is shown in Figure 8. The dynamical screen-
ing to the Coulomb interaction between electrons in a 2D layer and in metallic
substrate is taken into account by a nonlocal and dynamical inverse dielectric
function K(r,7’; ), as demonstrated in Refs. [53, 54]. This nonlocal inverse dielec-
tric function is connected to a dielectric function e(r,#'; w) in Eq. (4) by

Jd3 Y K(r,v;0)e(v,v;0) = 6(r —v"), (45)

and the resonances in (r,#'; ) reveal the nonlocal hybridized plasmon
modes supported by both 2D layer and the conducting surface as a single quantum
system.

By using the Drude model for metallic substrate, the dielectric function can be

written as eg(w) =1 — Q;/a)z, where Q, = \/nge?/epepm* is the bulk-plasma fre-
quency for the conductor, 7¢ electron concentration and m* is the effective mass of
electrons. Drude model describes electron screening in the long-wavelength limit.
Based on the previously developed mean-field theory [53, 55, 56], we are able to

T=0 - Ay = LAET

PN Y

Figure 8.
Schematics for a silicene-based open system and numerical vesults for the two plasmon branches and their
damping in this system with Aso = 0.3Eq and 0.1E, wheve Eq = hvp,/ang = 54.6 meV.

195



Nanoplasmonics

calculate plasmon dispersions in this 2D open system. For this, the plasmon
dispersions are obtained from the zeros of the so-called dispersion factor Sc(q, w),
instead of the dielectric function in Eq. (4). Sc(g, @) for this open system is given by
(25, 54, 57]

2

- (46)
E;Etfag'exp(_zqa)’

2ray,

Sc(q,w|Ep) =1- Ho(q,a)|EF) 1+

where a is the separation between the 2D layer and the conducting surface.
Most important, we should emphasize that the second term in Eq. (46) does not
have a full analogy with polarization function of an isolated layer, and the
resulting plasmon dispersions in open system represents a hybridized plasmon
mode with the environment. Therefore, these plasmon dispersions are expected to
be sensitive to Coulomb coupling to electrons in the conducting substrate through a
factor ~ exp (—2ga) in Eq. (46), similarly to what we have found for coupled
double graphene layers [16]. The strong Coulomb coupling leads to a linear disper-
sion of plasmon in this open system [54, 58], which is in contrast with well-known
~ ,/q dependence in all 2D materials.

As a special example, let us consider a silicene 2D layer with two bandgaps A« -
and an electron doping density #. We start with seeking for a non-interacting
polarization function in the long-wave limit ¢ < k5~ for doping density n and

2
assume a high-enough 7 to keep the Fermi level Er = (hvpklﬁ:) + A/ZJ, > A above

the large bandgap. Under this assumption, we get

oE(k)
ok

where k = \/2n; are two different Fermi wave numbers associated with a
single Fermi energy Er, and n; is the electron density for each subband satisfying
n=nc<+n-.

In the limit of 2 — oo, the plasmon branch of an isolated silicene layer can be
recovered from Eq. (46), yielding

4a A% + A2
2q) =5—Ef ——=>——<)q=Eq, 4
wp(Q) thF< F > q q (48)

2
Mo(q, w|Er) = —0— > kb

2.2
mh'e p=>,<

where for convenience we introduced a coefficient

_ 4q, A 4+ A?
=(Er. ) =y <E;_ -t ) (49)

We notice from Eq. (48) that w,(q) ~ /g, disregarding of the energy bandgaps
AL > or doping density 7. On the other hand, the Fermi energy E for silicene is
given by Eq. (17).

Furthermore, using the notation defined by Eq. (49), we get from Egs. (46) and
(47) that

1_E<EF’Aﬂ)§ 202 - Q
D

QZ
1+ 7172 exp (—an)l =0, (50)
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which leads to a bi-quadratic equation

2
0)2
QP

2
1+ E(Ep, Ap) L

w?
( > + Z(Er, Ap) *52 [1— exp(—2qa)] = 0.
J4

02
& 1\%
(51)
Eq. (51) gives rise to two solutions
4 - 2q
& Cl);’i = <1 + :(EF, Aﬁ) E)
P 14
2\" 842(Er, Ay)
—_ q =\LF,
+ <1+:%&BAMSy> f———af—ﬁﬂlfexpGQWﬂL (52)
P ?

where =+ terms correspond to in-phase and out-of-phase plasmon modes,
respectively. Two hybrid plasmon modes in Eq. (52) become

o = 2(2+4a02)
P — 2 3
oy - + O,
_ =\2E
wp,-(q) 2qV2aE — =5 7" +0().
J4

In Eq. (53), both plasmon branches contain a linear ~ g term, and w, ;(q)
approaches a constant as ¢ — 0, i.e., an optical mode for plasmons. Two indepen-
dent bandgaps, Ago and A, together with doping density #, play a crucial role on
shaping the plasmon dispersions, as well as the particle-hole mode damping regions.
The outer boundaries of a particle-hole mode region specify an area within the g-w
plane in which the plasmon modes become damping free and are solely determined
by A ., while the group velocity of plasmon mode depends on both A and A ..
Since each bandgap could be experimentally tuned by applying a perpendicular
electric field, we acquire a full control of both plasmon dispersions and their
damping-free regions at the same time.

Numerical results for thermal plasmons in open system are presented in
Figure 9. Similarly to what we have found for graphene and silicene, there are two
plasmon branches, both of which depend linearly on ¢ with a finite slope as g < ko.
The acoustic-plasmon branch starts from the origin, while the optical-plasmon
branch from Q,/v/2. The dispersion of each branch also varies with parameter a (or
¢ = tan '), which is observed for the upper branch, as shown in (a) and (c) of
Figure 9. In addition, we see a much smaller slope for the lower plasmon branch in
Figure 9(b) and (d) due to enhanced Coulomb coupling with a reduced separation
a. The finite-temperature upper plasmon branches in Figure 9(e) and (f) are
shifted up greatly, as it is expected to be true for all finite-temperature plasmons,
which is further accompanied by enhanced damping below the diagonal as seen in
Figure 6(c). Meanwhile, the lower plasmon branch seems much less affected by
finite temperatures, as demonstrated by both upper and lower rows of Figure 9 for
different separations, except for enhanced damping in Figure 9(f) below the

surface-plasmon energy 79, /v/2.
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Figure 9.
Nonlocal hybridized plasmon dispersions for a-T 3 layer coupled to a closely-located surface of a semi-infinite
conductor. Panels (a)-(d) are for T = 0, while plots (e) and (f) for kgT = Eq. All the upper-row plots

correspond to the separation a = 1.0kg", and the lower-row ones to a = 0.5kg". Additionally, middle-column
plots, (b) and (d), correspond to ¢ = n/7, and all other columns to ¢ = r/10.

7. Summary and remarks

In conclusion, we have developed a general theory for finite-temperature polar-
ization function, plasmon dispersions and their damping for all known innovation
2D Dirac-cone materials with various types of symmetries and bandgaps. We have
also derived a set of explicit transcendental equations determining the chemical
potential as a function of temperature, which serves as a key part in calculating
finite-temperature polarization function through the so-called thermal convolution
path. The selection of a particular path with a specific y(T) could be employed for
studying the temperature dependence of plasmon modes in each of the considered
2D materials. The fact that a chemical potential keeps its sign is true only for
materials with symmetric energy bands of electrons and holes, but can cross the
zero line for TMDC’s with asymmetric electron and hole bands.

Using the calculated finite-temperature polarization function, we have further
found the dispersions of hybrid plasmon-modes in various types of open systems
including a 2D material coupled to a conducting substrate. The obtained plasmon
dispersions in these 2D-layer systems are crucial for measuring spin-orbit interac-
tion strength and dynamical screening to Coulomb interaction between electrons in
2D materials, as well as for designing novel surface-plasmon based multi-functional
near-field opto-electronic devices.

We have generalized our developed theory for 2D materials further to most
recently proposed a-7 3 lattices, in which the characteristic parameter « is the ratio
of hub-rim to hub-hub hopping coefficients and can vary from 0 to 1 continuously
corresponding to different material properties. For a-7 3 materials, we have
obtained the hybrid plasmon modes for different a values at both zero and finite
temperatures and demonstrated that the resulting hybridized plasmon dispersions
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could be tuned sensitively by geometry phase, temperature, and separation between
a-T 3 layer and conducting surface. Such tunability has a profound influence on
performance of -7 3 material based quantum electronic devices.
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