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ABSTRACT: In this study, we use a nanoparticle cluster composed of
silicon nanodisks in both symmetric and antisymmetric regimes to design

an artificial efficient nanoswitch. Using appeared Fano dip for the anti-

symmetric nanocluster in the visible spectrum, we controlled the quality
of Fano resonance (FR) by changing the polarization direction of the
incident light source. In this method, we showed that appearing and dis-

appearing of FR for different polarizations can be used to design an
ON/OFF switch based on the behavior of Fano dip in a silicon-based
cluster. VC 2015 Wiley Periodicals, Inc. Microwave Opt Technol Lett

57:1242–1246, 2015; View this article online at wileyonlinelibrary.com.
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1. INTRODUCTION

In the past decade, the optical properties and unique features of

self-assembled clusters composed of subwavelength nanopar-

ticles (NPs) have extensively been investigated theoretically and

experimentally [1,2]. It is verified that silicon (Si) NPs in cluster

orientations reflect robust magnetic responses in the visible to

near infrared range (NIR) during illuminating by an incident lin-

ear light source [3,4]. It is shown that using Si NP aggregates

provides novel paths for designing low cost and easily fabri-

cated and CMOS compatible nanophotonic components [3,4].

Considering Mie theory, magnetic dipole excitation in specific

NPs with high permittivities is the initial resonance condition,

which leads to localization of the electromagnetic (EM) field

inside NPs [5,6]. In addition, the excitation of EM modes with

the antiparallel polarization of the electric field on the other side

of the NP gives rise to appearing magnetic dipole mode, where

the magnetic field is oscillating in the center of the NP in

upward and downward directions [5]. Self-assembled clusters

composed of closely spaced metallic NPs can be tailored to pro-

vide and support strong resonant interactions in the nanoscale

dimensions, and robust magnetic and electric plasmon resonan-

ces can be performed as a result of these interferences.

Additionally, Fano resonances (FRs) can be formed and arisen

in analogous plasmonic clusters based on the constructive inter-

ference of super-radiant bright and subradiant dark resonance

modes in the energy continuum of the bright mode [7,8]. The

physic and nature of FRs in NP aggregates have broadly been

explained by various research groups [7–9], and it is shown that

some fundamental conditions are contributed in formation of

FRs in subwavelength structures. In this regard, one of the

essential terms is the existence of two scattering channels con-

currently while one of them acts as a resonant channel. It is

shown that silicon NPs in certain cluster orientations can be tai-

lored to support strong FRs with an analogous intensity with the

plasmonic metal NPs [9,10]. In addition, some crucial features

such as natural abundance, CMOS compatible, easy fabrication,

and low cost make the Si as an alternative substance in design-

ing various FR-based structures from switching to sensing. It is

well accepted that Si provides a great localization of EM field

free of destructive effect of radiation losses and interband transi-

tions [11].

In this study, we design an artificial Fano switch based on

the optical features of an antisymmetric nanocluster composed

of Si nanodisks. To this end, we examined the FR quality in a

symmetric octamer with determination of the cluster’s geometri-

cal parameters. Then, with the modifications in the structural

shape of the Si-based octamer and providing an antisymmetric

regime, we probed the possibility of FR observation for two

opposite polarizations. Seeking for the bright (super-radiant) and

dark (subradiant) modes in the scattering cross-sectional profile,

we determined the ON and OFF states for the proposed
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nanocluster. In this method, we would be able to design an effi-

cient and fast Fano switch.

2. THEORETICAL AND NUMERICAL RESULTS

Now, we study the theoretical aspect of a simple octamer based

on Si NPs. This cluster includes seven peripheral and a central

nanodisks [Fig. 1(a)] which are oriented in a circular fashion

with an identical gap distance (D). The quality of FR formation

and excitation in nanoclusters have been shown in earlier works

[12,13], and also, it is verified that the FR is independent of

polarization direction due to the inherent symmetry of these

clusters. It is well accepted that the depth and position of Fano

dip can be controlled based on variations in the structural com-

ponents such as gap distance, NPs sizes, substances, and shapes.

Moreover, tuning the number of peripheral NPs can be used in

improving the quality of FR dip.

Figure 1 (a) Two-dimensional schematic diagram of a symmetric Si NP-based octamer. Also, the 2D (xy-view) snapshots of EM resonance modes

excitations for transverse and longitudinal polarizations illustrated, (b) the effect of alterations in the Si nanodisk sizes on the scattering efficiency of the

symmetric oligomer, and FR appeared at k � 930–1040 nm, and (c) the effect of modifications in the gap distance between proximal Si NPs on the scat-

tering cross-sectional diagram. The Fano minima are red-shifted by reducing the parameter from k � 940–1020 nm while the Fano minima become nar-

rower and deeper. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 57, No. 5, May 2015 1243

http://wileyonlinelibrary.com


Next, we consider the FR quality in an octamer cluster to deter-

mine the appropriate geometrical parameters and gap distance.

Considering provided method in [14] and also, using dipole

approximation method, the scattering profile and optical response

of a Si-based octamer can be defined. We mentioned that the

effect of magnetic dipoles is dominant in resonant Si NPs-based

configurations, therefore, the dipole moment (dp;m
i ) for electric or

magnetic dipole can be described as below [12,13]:

dp;m
i 5ap;m

i fE;H1
X
i5j

Ĝ
p;m

ij dp;m
j

 !
(1)

Figure 2 (a) Two-dimensional schematic diagram of an antisymmetric octamer composed of Si NPs under illuminating by transverse and longitudinal

polarizations and (b) simulated scattering efficiency cross-sectional diagram with detection polarization at U 5 0�, 30�, 60�, and 90� (longitudinal polar-

ization mode to transverse mode). The ON/OFF system is occurred at U 5 0� and, 90�. Two extremes correspond to the bright mode have been observed

at k 5 725 and 1060 nm, also a dark mode as a deep has been detected at k 5 930 nm, for the U 5 0� polarization angle. For U 5 90� polarization angle,

we observed two extremes for bright mode at k 5 740 and 930 nm without any dark mode, (c) simulated charge density distributions of a Si-based asym-

metric octamer for 0� and 90� polarizations. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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where, ap;m
i is the polarizability of Si NPs, fE;H defines the excit-

ing EM field, and interaction between NPs can be described in

terms of dyadic Greens function (Ĝ
p;m

ij ).

The coupling between proximal Si NPs is identical, and it is

possible to assume the following relation: Ĝ
m

ij 5Ĝ
p

ij to simplify

the equation above. Due to the superior behavior of the mag-

netic dipole resonance in Si NPs, the polarizability of the spheri-

cal NPs with the permittivity of e5e
0
1ie

00
based on Drude

model expression is [14]:

am
i 512

x2
m

xðx1iCmÞ
(2)

where xm is the plasma frequency depending on the real part of

the permittivity and Cm is the collusion frequency depends on

the imaginary part of the permittivity. It should be noted that

the collusion frequency related to the dissipative components of

the Si NPs is in the proximity of the resonance. Launching an

EM wave, we provided two-dimensional (2D) snapshots (xy-

view) regarding the transverse and longitudinal polarization

modes [see Fig. 1(a)], and the polarization directions are indi-

cated by arrows inside the picture. Using a plane wave as a lin-

ear light source in transverse (U 5 0�) and longitudinal

(U 5 90�) polarization modes and exciting the electric and mag-

netic modes inside the Si nanodisks, we are able to study the

FR position and quality for the structure as illustrated in Figure

1(b). These diagrams show the scattering cross-sections for a Si-

based octamer while the radii of the NPs are changing from 45

to 85 nm, and the gap distance between closely spaced NPs is

fixed to 10 nm. In addition, the radius of central NP is set to

90 nm in all of the simulation steps. In this regime, the Fano

minima red-shifted and became narrower by increasing the sur-

rounding disks radii. Figure 1(c) exhibits the effect of modifica-

tions in the gap distance on the scattering spectral diagram, and

as a result, reducing the gap distance between proximal NPs

red-shifts the position of FR and we obtained a deep and almost

narrow Fano minima at k�1020 nm for 5-nm gap distance. The

geometrical sizes of the octamers’ components are 80 nm for

the radius of peripheral disks and the central disk with a radii of

90 nm.

Next, we investigate a practical application of the Si-based

octamer. Fano switches based on plasmonic NPs clusters have

been studied by different research groups [15,16]. Herein, we

designed a completely Si-based Fano switch based on symmetry

breaking in the cluster. Figure 2(a) illustrates the schematic dia-

gram of proposed structure which is an octamer with a central

semicircular nanodisk. This picture also includes 2D snapshots

of field excitation in the proposed asymmetric octamer under

the transverse and longitudinal polarization modes. The radii of

surrounding NPs are identical and set to 80 nm and the radius

of central hemidisk is 90 nm, and the gap distance is set to

5 nm. Using finite-difference time-domain (FDTD) method as a

numerical tool (Lumerical FDTD Solutions 8.6), we proved that

this antisymmetric structure is highly sensitive to the polariza-

tion direction of the incident light. Figure 2(b) shows the scat-

tering spectra for the proposed Si-based octamer configuration

under excitation of incident light with varied angles from

U 5 0�–90�, numerically. Noticing in this drawing, we observed

a pronounced Fano dip at k 5 930 nm for the U 5 0� polariza-

tion angle, and conversely, for the polarization angle of

U 5 90�, the Fano dip is absent and has not been appeared. As

we expected, these modes at polarization angles of U 5 0� and

90� are the fundamental modes due to their ultrasensitivity to

the polarization angle. Figure 2(c) illustrates the charge density

distribution for the antisymmetric octamer. In this figure, we

observed two extremes for bright modes at k 5 725 and

1060 nm, also, at the k 5 930 nm, the dark mode has been

detected for U 5 0�. For U 5 90� polarization, an extreme corre-

sponds to the bright mode is observed at k 5 740 nm.

Considering the charge distribution picture at k 5 930 nm, we

observed a bright mode only and the dark mode is absent.

Therefore, we are able to exploit this polarization-dependence

property to design a completely silicon-based Fano switch. This

understanding paves a method to design efficient and low-cost

nanoswitches based on the appeared FRs in the visible and NIR

spectrum.

3. CONCLUSIONS

In this work, the optical properties and spectral response of a

completely Si-based cluster composed of nanodisks shape have

been examined, numerically. Illuminating the symmetric cluster

by an incident EM wave, we investigated the FR quality. We

proved that structural modifications in the cluster geometries

help us to control the position and quality of FR. Breaking the

symmetry of the Si-based octamer, we evaluated the optical

response of the antisymmetric structure under illumination by

variant polarization angles from U 5 0�–90�. Appearing

extremes of bright and dark modes along the scattering effi-

ciency diagram at mentioned polarization angles helped us to

supply ON/OFF states for the proposed cluster.
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ABSTRACT: A dual-band substrate integrated coaxial line (SICL) 3-dB
branch-line coupler and its compact realization are proposed in this let-

ter. The SICL coupler with the compact structure shows a comparable
performance and great size reduction compared with the conventional
structure. The simulated and measured results match very well. VC 2015

Wiley Periodicals, Inc. Microwave Opt Technol Lett 57:1246–1249,

2015; View this article online at wileyonlinelibrary.com. DOI 10.1002/

mop.29062
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1. INTRODUCTION

As an important passive microwave component, the branch-line

coupler with the characteristics of compact size, broadband or

multiple-band operation is still of much interest. While the con-

ventional microstrip branch-line coupler suffers from the defi-

ciencies of large size, narrow bandwidth, radiation loss, and

cross-talk issues, several design techniques were proposed to

reduce the coupler size or realize dual-band characteristic [1–5].

One method to reduce the size of conventional couplers is to

use purely distributed elements in conjunction with high-

impedance transmission lines to approximate quarter-wave trans-

mission-line behavior [1,2]. Conversely, many circuit models

were proposed to realize the dual-band characteristic [3–5].

In recent years, substrate integrated waveguide (SIW) has

attached much interest. Because of its advantages of low loss

and insensitivity to outside interference, many SIW directional

couplers were proposed [6,7]. However, at L/S-band, when com-

pared with microstrip or coplanar waveguide couplers, SIW cou-

plers are still large. Recently, a novel transmission line named

substrate integrated coaxial line (SICL), a.k.a fenced stripline,

was presented and experimentally verified [8]. The SICL is a

planar coaxial line, comprising a conductive signal strip sand-

wiched between two grounded dielectric layers and side-limited

by two rows of metallic via-holes. It has a broadband single-

mode operation thanks to the TEM mode. The two rows of

metallic via-holes can avoid the propagation of the unwanted

parallel-plate mode. Additionally, SICLs can be implemented

using the conventional multilayer PCB process and therefore

easily integrated with other planar circuits. A 3-dB branch-line

coupler based on the SICL technology was designed and

achieved good performance [9], which showed great size reduc-

tion compared with SIW couplers.

In this work, dual-band SICL branch-line couplers with con-

ventional and compact structures are designed, fabricated, and

measured. Both of the proposed couplers achieve good perform-

ance at required bands.

2. DESIGN OF DUAL-BAND SUBSTRATE INTEGRATED
COAXIAL LINE COUPLER

The SICL is implemented in a two-layer dielectric substrate

with three metallic layers, as shown in Figure 1. The inner layer

conductor is sandwiched by two grounded dielectric layers and

side-limited by two rows of metallic via-holes. In this work,

both the top and bottom dielectric layers use FR-4 material with

a relative dielectric constant of 4.4 and a loss tangent of 0.027.

Each substrate has a thickness of 0.8 mm. A FR-4 layer of

0.15 mm with the same dielectric constant is used to bond the

top and bottom dielectric layers.

2.1. Dual-Band Substrate Integrated Coaxial Line Coupler

The traditional design of the 3-dB SICL branch-line coupler

requires two pairs of quarter-wavelength SICLs with characteris-

tic impedances of 35 and 50 X, which operates in a single band.

According to Ref. 4, a coupler with proper choice of circuit top-

ologies can operate at two arbitrary frequencies (f1 and f2). Four

half-wavelength short-circuit stubs are introduced to achieve the

dual-band characteristic. Figure 2(a) shows the circuit structure

of the dual-band branch-line coupler. Let Z0 be the characteristic

impedance of input and output ports, Z0 5 50 X. Then, the val-

ues of Z1, Z2, and Z3 are given by Ref. 4

Z15
Z0ffiffiffi

2
p � 1

cos dp
2

� � (1)

Z25Z0 �
1

cos dp
2

� � (2)

Z35
Z0

11
ffiffiffi
2
p � 1

sin dp
2

� �
tan dp

2

� � (3)

where

Figure 1 Top and side views of the SICL structure.
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