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Dipole coupling and dual Fano resonances in a silicon nanodimer
Zhi-Yong Jia, Jing-Ning Li, Hong-Wei Wu, Cheng Wang, Tian-Yong Chen, Ru-Wen Peng,?

and Mu Wang

National Laboratory of Solid State Microstructures and School of Physics, Collaborative Innovation Center of
Advanced Microstructures, Nanjing University, Nanjing 210093, China

(Received 27 December 2015; accepted 29 January 2016; published online 17 February 2016)

We demonstrate theoretically in this work the existence of dual Fano resonances in a silicon
nanodimer, which result from the strong coupling between the magnetic dipole in one nanocylinder
and the electric dipole in another. It is shown that the intensities of the Fano resonances can be
controlled by changing the polarization of the incident light, and the wavelengths of the resonances
can be shifted by varying the separation of nanocylinders. And a broadband scattering response is
also presented. These results concerning the ohmic loss-less, easily fabricated silicon nanodimer may
have promising applications in wave filters, solar cells, biosensing, etc. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4941740]

I. INTRODUCTION

Fano resonance' was originally introduced in atomic

physics to describe the asymmetrical ionization spectral lines
of certain atoms. Recently, with the development of nano-
science and nanotechnology, considerable attention has been
paid to the Fano resonances in the metallic nanosystem,”™
which is a classical analogue to the well-known phenomenon
of Fano resonance in atomic physics. The plasmonic Fano
resonance has extremely narrow linewidth owing to the
coupling between the broad bright resonance mode and the
narrow dark mode that are supported by the metal nanostruc-
tures.”’ Various structures have been designed to achieve
Fano resonances, such as metallic split rings,g’9 metallic rod-
shaped nanoantennas,10 nanoclusters,“’12 nanoshells,”’15
and heterodimer structures.'® This unique line shape, which
is sensitive to geometry of the structure and the local envi-
ronment, has great potential in applications related to biosen-
sors,!” light-slowing devices,'® and plasmonic lasing."
However, the plasmonic nanostructures, which are fabricated
using noble metals such as Ag or Au,?° suffer from intrinsic
losses at optical frequencies. This drawback affects the pos-
sible practical use of Fano resonance. In order to mitigate
these losses in plasmonic structures, the structures of the
metal-semiconductor,zl metal-dielectric,22 even supercon-
ductive materials®®> have been proposed to achieve Fano
resonance.

Recently, dielectric nanoparticles with high refractive
indices (in contrast to metallic nanoparticles) have been pro-
posed to achieve optical resonance®® in order to overcome
the ohmic loss. Nevertheless, the high-index dielectric nano-
particles not only exhibit electric resonance as with the
metallic nanoparticles but also exhibit magnetic resonance,
which originates from the excited circular displacement cur-
rent of the electric field inside the dielectric nanoparticle
within the visible and infrared regimes.”>® When the
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nanoparticles become closer, the interactions between the
high-index dielectric nanoparticles have been shown to
induce hybridized modes, which can be used to achieve
electromagnetic field enhancement.*”*® In particular, a Fano
resonance has also been observed in all-dielectric oligom-
ers®*3 and all-dielectric nanodimers* in the visible light re-
gime, which originates from the coupling between the
optically induced magnetic dipole mode of individual nano-
particles and the collective mode of the nanoparticle struc-
ture or the electric dipole mode in the gap of the nanodimer.
One may naturally ask whether multiple Fano resonances
may occur in high-index dielectric nanostructures. It has been
found that a single Si cylinder exhibits electric or magnetic
dipole modes under different wavelengths of incident
light.*>7 By precisely tuning the interaction between the
electric and magnetic dipole modes, here we propose a
scheme to generate dual Fano resonances in a loss-less, easily
fabricated Si nanodimer that consists of two nanocylinders.
In this work, we theoretically investigate the optical
scattering of the Si cylindrical nanodimer mainly by using
finite-difference time-domain (FDTD) simulations. On the
basis of these simulations, dual Fano resonances are found in
a Si nanodimer within the infrared light regime; these origi-
nate from the strong interaction between the electric dipole
in one cylinder and the magnetic dipole in the other, which
can be excited by incident light. We also investigate how the
polarization of the incident light and the gap size of the
nanodimer affect the dual Fano resonances and the scattering
properties of the Si nanocylinders. The results show that
the Fano resonance peaks become weak as the polarization
of the incident light is tuned from 0° to 90°; moreover, the
Fano resonance peaks redshift as the gap distance increases
between the two nanocylinders. Interestingly, when the
polarization of the incident light is tuned to 90°, a new Fano
resonance peak emerges in the scattering spectrum owing to
the coupling between the magnetic dipole mode in one cylin-
der and the magnetic hybrid mode in the other. Finally, a
broadband and tunable scattering response that originates

© 2016 AIP Publishing LLC
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from the interaction of electric-magnetic and magnetic-
magnetic modes between the dimeric Si nanocylinders is
shown in the scattering spectrum of the nanodimer. These
results may potentially be applied in nanoantennas and Si-
based solar cell devices.®*

Il. THEORETICAL MODEL

We start by examining the scattering spectrum of a sin-
gle Si nanocylinder. It is well known that a single Si particle
exhibits electric or magnetic dipole modes under incident
light of different wavelengths. By means of FDTD simula-
tions, we obtain the scattering spectra of the single Si cylin-
der with various diameters ranging from 220 nm to 400 nm,
as shown in Fig. 1(a). When the diameter is set to 220 nm,
there are two resonance peaks in the spectrum located at
760nm and 970nm. The peak at 970 nm corresponds to a
magnetic dipole mode localized in the block of the cylinder,
whereas the peak at 760 nm corresponds to an electric dipole
mode; these findings are similar to the results in Refs. 37
and 38. Upon increasing the diameter of the Si nanocylinder,
we see that both peaks redshift, and new peaks emerge in the
short-wavelength region of the scattering spectrum. For
example, a new electromagnetic mode of the Si cylinder
emerges at a wavelength of 800nm upon increasing the
diameter to 300 nm.

The exact shifts of electric and magnetic dipole resonan-
ces of Si disks, which have been experimentally demon-
strated,”® can be achieved by employing the multipole
expansion technique.*! Yet we can find in the FDTD simula-
tions that by carefully choosing the cylinder diameter, the
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magnetic dipole in one nanocylinder, and the electric dipole
in another can appear at the almost same wavelength (as
shown in Figs. 1(b) and 1(c)). Considering that the magnetic
dipole in this system is an effective one, which essentially
similar to an electric quadrupole (for example, to see the
electromagnetic field distributions in Fig. 1(c)), the magnetic
dipole and the electric dipole may couple each other.

Next, we consider a Si dimer that contains two nanocy-
linders with different diameters, and with the same height
(240 nm) as shown in Fig. 2. In this case, the linearly polar-
ized light is normally incident onto the system from the top
surface of the nanodimer. The orientation of the light (k
direction) and the polarization (with angle 6 relative to the
horizontal axis) are illustrated by the blue and black arrows,
respectively. The thinner orange waves with blue arrows
around the green box represent the scattered light. When the
two cylinders become closer, the interaction between the
electric dipole in one cylinder and the magnetic dipole in the
other occurs in the system.

In the long-wavelength limit, when the characteristic
size of the Si nanoparticle is considerably smaller than the
incident wavelength, and the resulting optical resonance can
be described by the effective electric and magnetic dipoles
as below

p= EOOCEE()v m = XHH()v (1)

where p and m denote the induced electric and magnetic
dipoles, respectively; ag and yy denote the electric and mag-
netic polarizabilities, respectively; E, and Hy denote the
incident fields; and ¢, denotes the electric permittivity. It
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FIG. 1. (a) Calculated scattering intensities of single Si cylinders with different diameters. The diameter increases from 220 nm to 400 nm from top to bottom,
with a step size of 20 nm. The positions of the electric or magnetic dipole mode are linked by dotted lines, which are guides to the eye. The green and yellow
areas show the wavelength regimes where the different kinds of electromagnetic modes may overlap. The inset shows a schematic diagram of the scattering
process of a single cylinder. The linearly polarized light is normally incident onto the system from the top surface of the nanodimer. The blue arrows represent
the propagation of the incident light and the scattered light. The black arrow is the polarization of the incident wave. (b) Simulated positions of the electric
resonances (red dotted line, corresponding to D1) and the magnetic resonances (blue dotted line, corresponding to D2) as a function of the cylinder diameter.
The areas filled with red and blue colors represent the broad electric modes and narrow magnetic modes, which can overlap (area in purple). (c) The cross-
sectional electromagnetic-field intensity distributions in the cylinders with diameters of 260 nm and 380 nm at A= 1020nm (marked by the red star in Fig.

1(b)), respectively.
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FIG. 2. Schematic diagram of the scattering process of asymmetric Si nano-
cylinder dimer. The light blue lines measure the three parameters of the
structure that we can tune: the gap size of the two cylinders, d; the height of
the cylinders, h; and the diameters of the cylinders, D.

should be noted that the polarizabilities are simplified to be
scalar in this model. Practically, these polarizabilities should
be in tensorial forms, which will be directly applicable to
disk geometry.

To consider the interaction between Si nanoparticles, we
introduce the coupled electric and magnetic dipole method
proposed by Mulholland e al.** In our system, each particle
is regarded as the composition of two dipoles, one electric
and the other magnetic. Consequently, the electric and mag-
netic fields at the ith particle induced by the jth particle can
be written as

1/2
E; = ajjorE; + bjop (B - mji)nj; — dyj (Z_g) 7 (mji < Hj)

1/2
€0
H; = a;jyyH;j + bijyy (H; - 0ji)nji + dj; (M—) o (i < Ej),
0

(@)

where nj; denotes the direction vector from the jth particle to
the ith particle. The coefficients a;;, b;;, and d;; from Egs. (1)
and (2) can be expressed as follows:

1 e 1 ik
aijj _— ¢ <k2 Y + lﬁ—>

ijs

T in rij Iy T
b= L (a3 Bk 3)
Y Am oy rii* Ty

1 ikri; ik
dyj=—"—(+5),
4 1y Iy

where r;; denotes the distance between ith and jth particles,
and k=2mn/A. Thus, the total induced electric and magnetic
dipoles can be derived as
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)

where ¢ = +/1/eyu, represents the speed of light in a
vacuum. For the case of Si nanoparticles separated by a large
distance, the resulting electric and magnetic dipoles can be
regarded as equivalent to that of a single nanoparticle
because a;;, by, d;; — 0 as r;; — oo. However, in the opposite
limit (i.e., r;;— 0), the situation changes dramatically. By
calculating the scattering spectra, the interactions between Si
nanoparticles can be directly reflected. In fact, according to
Eq. (4), three types of interactions among the induced
dipoles may occur in the coupled nanoparticles: the electric-
to-electric interaction (i.e., a;; pj+b; (pj - nj;) n; in the
induced electric dipoles), the electric-to-magnetic interaction
(i.e., —(dj/c)(n;; x m)) in the induced electric dipoles and
(dij c)(mj; x p;) in the induced magnetic dipoles), and the
magnetic-to-magnetic interaction (i.e., a; m;+ b;(m; -n;) n;
in the induced magnetic dipoles).

lll. NUMERICAL RESULTS AND DISCUSSION
A. Fano resonances in Si nanocylinder dimer

In order to show how the interaction of electric and
magnetic dipoles affects the optical response in the Si nano-
dimer, we have calculated the optical scattering of the Si
nanodimer. Figure 3 shows the scattering spectra and the
field distributions of the Si nanodimer. The diameters of the
cylinders are 260 nm and 380 nm. From the scattering spec-
trum in Fig. 3(a), we can see that four obvious peaks emerge
in the scattering spectrum. One lies in region A, and the
remaining three lie in region B. In this work, we ignore
region A and carefully analyze the three peaks in region B
(i.e., the infrared regime). We select five positions in the
spectrum and label them as I through V. Labels I, III, and V
represent the three peaks corresponding to the three reso-
nance locations.

Peak V at 2= 1260nm corresponds to the magnetic res-
onance of the cylinder with a diameter of 380 nm, which can
be confirmed by the electric-magnetic field distribution in
top panel of Fig. 3(b). That is to say, the dimer exhibits an
intense magnetic dipole mode, and there is an obvious
enhancement of the scattering light. Thus, peak V is not a
Fano resonance peak.

Concerning the Fano resonance peak at 1=1020nm
(i.e., peak III), we can clearly observe an annular electric
field in the small cylinder corresponding to a strong magnetic
field, as well as a strong electric dipole mode inside the big
cylinder from the middle panel of Fig. 3(b). Therefore, an
intense Fano resonance peak (i.e., peak III) emerges in the
scattering spectrum as a result of the coupling of the mag-
netic and electric modes. Different from the general Fano
resonance induced by the coupling of the magnetic dipole
mode of the nanoparticle and the electric dipole mode in the
gap of nanodimer,** this peak mainly relies on the coupling
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FIG. 3. (a) Calculated scattering intensities of a dimer of Si nanocylinders with diameters of 260 nm and 380 nm. (b) Electric-magnetic field intensity distribu-
tions and magnetic field distributions in the x-z plane at A = 1260 nm, Z = 1020 nm, and /=818 nm from top to bottom, with labels decreasing from V to L.

between the magnetic dipole mode in the small cylinder and
the electric dipole mode in the big cylinder.

Concerning peak I, which is located at A =818 nm, we
can observe an annular magnetic field, which agrees with the
electric dipole mode that is exhibited in the electric field
distribution inside the small cylinder. In the big cylinder, the
magnetic mode becomes excited and interacts with the
electric dipole mode of the small one, leading to the second
Fano resonance peak I. Furthermore, we also detect the
distribution of the modes in the shoulders on the spectrum
and pick up two points—peaks II and IV at A =958 nm and
A= 1070 nm, respectively, where the Fano resonance condi-
tion is not well met. In this case, the coupling between the
modes naturally becomes less intense, and the peaks do not
appear.

B. Polarization-sensitive Fano resonances
in Si cylinder dimers

Based on our understanding that the Fano resonances in
the Si nanodimer originate from the coupling of the electric
dipole in one nanocylinder and the magnetic dipole in the
other, it is possible to tune the Fano resonances by changing
the polarization of the incident light.

In Fig. 4, as the polarization angle increases from 0 =0°
to 6=90°, we can see that the Fano resonant peaks at
A=1020nm and A=818nm gradually fade and disappear,
corresponding to an increasingly weaker interaction. On the
other hand, at 2=1058 nm, there appears an increasingly
obvious peak that corresponds to an increasingly intense
interaction between the magnetic and electric dipole modes.
Moreover, we notice that as the polarization angle increases,
a new peak emerges at A =946 nm. To explain the phenom-
enon, we first check that for a single cylinder, the polariza-
tion of the source only has an influence on the orientation of
the mode. Even considered in cylinder dimers, each single
cylinder exhibits the same main kind of mode; thus the

distribution difference is due to the coupling between the
modes. The x-z plane section of each field distribution of the
electric and magnetic field under sources with different
polarizations, namely, 6 =0°, 6 =60°, and 6 =90° shows
what modes exist, as well as the orientation of the modes.

At A=1020 nm, from 0 =0° to 0 =90°, in the x-z plane
we can observe a circularly distributed electric field turning
into a two-point distribution in the smaller cylinders, which
indicates the orientation change of the magnetic dipole
modes. The big cylinder exhibits an annular magnetic field

0-0°

6=30°

—
(=]

S W

Scattering intensities(a.u.)

0=75°
10 : f f

5
0 0
1 0=90
10
3 : o
600 800 1000 1200 1400
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FIG. 4. Calculated scattering intensities of asymmetric Si cylinders dimer
with diameters of 260 nm and 380 nm under incident light of different polar-
izations. From top to bottom, the angle of polarization varies from 0° to 90°.
The positions of the peaks are linked by dotted lines. The orange and purple
arrows illustrate the fading and increasing peaks, respectively.



074302-5

Jia et al.

125-125 0 125 -125

A=1020 nm

125-125 0 125 -125 0

A=1058 nm

J. Appl. Phys. 119, 074302 (2016)

Re(Hy) | E| Re(Hy)

125-125 0

A=946 nm

FIG. 5. Each column indicates the calculated electric and magnetic field intensity distributions in the x-z plane at 1 =1020nm, A= 1058 nm, and A =946 nm,
respectively. Each row indicates the polarization angle of the incident light at 0 =0°, 0 =60°, and 0 = 90°, respectively.

corresponding to an electric dipole mode. Owing to the ori-
entation change, the overlapping and coupling between the
magnetic and electric dipole modes of the cylinders change;
these vary from the optimal coupling conditions, which cor-
respond to the highest peak (i.e., the Fano resonance), to the
poorest conditions, which correspond to the lower-peak or
no-peak situation. The decreasing field intensity around
the cylinders for 24=1020nm in Fig. 5 also corresponds
to the disappearance of the peaks. However, at 2= 1058 nm,
the increasingly obvious peak simply corresponds to another
kind of in-coupling condition between the magnetic and
electric dipole modes. The best in-coupling condition is
fulfilled when 0 =90°.

Now, we consider the wavelength at 1 =946 nm. For the
smaller cylinder, the x-z plane two-point distributions at
0=60° and 0 =90°, combined with the circular distribution
at 0 =0° (which is in fact perpendicular to the distribution of
0=90° when without the coupling), indicate that there is
mainly a magnetic dipole mode inside the cylinder. On the
other hand, for the bigger cylinder, there exists an increas-
ingly obvious coupling-induced hybrid magnetic mode as
the polarization angle of the incident light increases, which
indicates a new kind of magnetic-magnetic mode coupling.

C. Gap-size-sensitive Fano resonances in Si cylinder
dimers

The gap size in the Si nanodimer can influence the
coupling of the electric dipole in one nanocylinder and
the magnetic dipole in the other. Thus, it is possible to tune
the Fano resonances by adjusting the gap distance in this
nanosystem. Here, we change the gap distance d between the
nanocylinders and measure the wavelength of the most
prominent peak around A= 1020nm. Fig. 6 shows the posi-
tions of the peaks around 1030nm as we increase the gap
distance between the cylinders from 10nm to 160 nm. The
wavelengths of the peaks have a nearly linear relationship
with the gap size of the cylinders, and we obtain the follow-
ing fitting formula: A=1018 +d/10 (units of nanometers).
This indicates a promising method of effectively tuning the

position of the Fano resonance in order to realize an accurate
wavelength-selective infrared filter.

D. Fano resonances and mode-coupling-induced
broadband scattering

It is worthwhile to discuss the broadband optical scatter-
ing in the Si nanodimers. Here, we show the scattering fea-
tures of Si nanodimers with a constant gap size of 20 nm and
a height of 240 nm for various diameters of the cylinders.

As shown in Fig. 7, the colored regions represent the
span of the broadband scattering. When the diameters of the
two cylinders are set to 200nm and 280 nm, there are two
regions corresponding to the broadband scattering (i.e., the
red and green areas in the scattering spectrum, fulfilling the
half maxima scattering peak requirement). This phenomenon
is due to the interference between the electric-magnetic
and magnetic-magnetic modes. Not only do the peaks of
resonances (i.e., the green area and the peaks of the red area)
naturally correspond to a stronger scattering but also the
shoulders (e.g., the shoulder of the red area) correspond to
weaker coupling of the modes, which makes the scattering
band much broader. As the diameters increase, we can see

1060

1050 d
1040 |
1030

1020

Wavelength(nm)

1010

20 40 60 80 100 120 140 160
Distance(nm)
FIG. 6. The calculated resonance wavelength of the Fano effect in the region

from 1010 nm to 1060 nm as a function of the gap size d of the cylinders, as
illustrated in the inset.
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FIG. 7. Calculated scattering intensities of asymmetric Si cylinder dimers
with different diameters.

that the red and the green areas become increasingly large
(Fig. 7); new regions of blue and purple emerge when the
diameters of the dimer are 220 and 300 nm, as well as 320
and 400 nm. The summation of all the areas filled with color
becomes increasingly large from Figs. 7(a)-7(f). In particu-
lar, for the dimer with diameters of 320 and 400 nm in Fig.
7(g), we can see that the three areas of red, green, and blue
almost mix together and, indeed, realize continuous broad-
band scattering as the yellow area spans from 770 to
1400 nm. Simultaneously, a new purple area appears in the
short-wavelength region, thereby indicating a new variety of
coupling. Thus, the Si dimer exhibits significant potential for
use in high-performance solar cells.

IV. CONCLUSIONS

We have theoretically investigated the optical scattering
of a Si nanodimer, which consists of two Si nanocylinders
with different diameters. By tuning the relative diameters of
the two nanocylinders, dual Fano resonances are found in the
Si nanodimer, which originate from the strong coupling
between the electric dipole in one nanocylinder and the
magnetic dipole in the other. The Fano resonances can be
significantly tuned by both adjusting the polarization of the
incident light and the gap distance of the nanodimer.
Moreover, the intensities of the Fano resonance peaks can be
controlled by changing the polarization of the incident light,

J. Appl. Phys. 119, 074302 (2016)

and the positions of the peaks can also be shifted by varying
the gap distance. Additionally, the Si nanodimer exhibits a
broadband scattering response, which originates from the
electric-magnetic and magnetic-magnetic coupling between
the modes of the nanocylinders. These results concerning the
loss-less, easily fabricated Si nanodimer may have promising
applications in infrared filters, solar cells, biosensing. And
similar phenomena can be found in the microwave
region®>** and benefit the application to metamaterials.
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