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From Fano-like Interference to Superscattering with Single

Metallic Nanodisk

Weiwei Wan,* ™ * Wenwei Zheng,”* Yanfeng Chen,* and Zhaowei Liu >%”

ABSTRACT: Superscattering was theoretically proposed to significantly enhance
the scattering cross section of a subwavelength nanostructure, far exceeding its
single-resonance limit by employing resonances of multiple plasmonic modes. By
numerical simulation, we design a subwavelength nanodisk as a simple candidate
to achieve superscattering. Due to the phase retardation, the subradiant mode can
be excited and interact with the superradiant mode in both spatial and frequency
domains. By changing the height and diameter of the nanodisk, we show high
tunability of the mode interaction and evolution of the resulting spectral features
from Fano-like resonance to superscattering. A model of two-driven coupled
oscillators is proposed to quantitatively analyze the spectral evolution. We find that
the evolution is caused by not only alignment of the resonant wavelengths of
related plasmonic modes, but also reasonably high loss. We show that
superscattering doubles near-field intensity, potentially enhancing signal 16 times
for SERS and 4 times for SEIRS, and doubles the far-field intensity and decreases
the peak linewidth, improving figure of merit for plasmonic refractometric sensing.
Our study provides quantitative physical insight in understanding superscattering
and Fano-like resonances in a single nanoparticle.
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1. Introduction

Understanding the interaction between optical radiation and
individual subwavelength objects is fundamentally important for
the study of nanophotonics. It is also practically crucial for
various applications such as imaging, cloaking, optical
nanoantennas, and nanoplasmonic sensing.>* The scattering cross
section, which is defined by integrating the total amount of
scattered power over the intensity of the incident plane wave, is
usually used to describe the strength of the interaction between an
object and the incident light.>® Fan and co-workers proposed that
the total scattering cross section of subwavelength structures can
far exceeds the single-resonance limit when constructive
resonances of multiple plasmonic modes are spectrally aligned,
which they term as superscattering.? They have numerically
demonstrated superscattering with plasmonic dielectric layered
structures.®8 Moreover, using two-slit nanostructures, Fan’s
group theoretically demonstrated evolution of the spectral
behavior from the classical analog of electromagnetically induced
transparency (EIT) to superscattering, the analog of
electromagnetically induced absorption (EIA), depending on
excitation angles.?

Fano-like resonance in plasmonic nanosystem is excited by
interfering a plasmon resonance, which acts as the broad
continuum state (CS), with a narrow discrete state (DS).
Depending on the different situations, the DS can be the
excitations of a molecule,® a diffraction channel (e.g., gratings™
or plasmonic crystals''), a dark plasmon mode,** or a guided
mode.*® The classical analog of EIT and EIA represent special
cases of the Fano-like resonance when the resonant frequencies
of the involved CS and DS are almost equal® *
Superscattering (or EIA), EIT, and Fano-like resonance in the
plasmonic system are receiving significantly growing attention
because they can be used to design new materials with a
controlled response to light at nanometer scales*? 15°. They also
provide new insights in ultrasensitive nanoplasmonic sensing®
(e.g. surface enhanced Raman spectroscopy (SERS),? localized
surface plasmon resonance (LSPR) (or refractometric plasmonic
sensing), and surface-enhanced IR absorption (SEIRA)
spectroscopy * 22 %%) and interactions of plasmonic systems with
sharp resonances in atoms, molecules, and quantum dots.

Most of proposed plasmonic nanostructures for the Fano-like
resonances, EIT, and superscattering (or EIA) involve the
interaction of localized plasmon modes of multiple metallic
particles and subcomponents.?3¢ Therefore, they usually require
stringent design and precise control of the arrangement of
individual components such as inter-particle distance and particle
shape, which imposes experimental difficulties. To the best of our
knowledge, only Lopez-Tejeira et al theoretically demonstrate the
Fano-like interference of plasmon resonances at a single
rod-shaped nanoantenna with adjacent modes partially
overlapping in both frequencies and space, giving rise to the
interaction (or non-orthogonality) between them.®” *® However,
they only explore the interference of longitudinal plasmonic
modes of the nanorod, leading to the limit geometrical control of
the mode interactions. In most reported studies of plasmonic

Fano-like resonance,?** the dark mode is not excited directly by
light, but excited indirectly by the near-field coupling with the
bright mode. Therefore, the model of one-driven coupled
oscillators is generally applied for the quantitative analysis. The
two-driven coupled oscillators model described by Luk’yanchuk
is believed to have improved accuracy and generality for
modelling coupled resonant systems,?* but no specific plasmonic
Fano-resonated nanostructures was proposed by this classic
analog.

Here we present a single metallic nanodisk to achieve
superscattering. Compared to the layered structures, the single
nanodisk is a simple plasmonic structure, resulting in an
enhanced near field that is fully accessible for SERS,**
SEIRA?® *2 % and other surface-enhanced spectroscopic
processes.** *® We also observe that a nanodisk can exhibit
evolution of the spectral feature from Fano-like resonance to
superscattering (or EIA) by adjusting its diameter or height,
showing high tunability. Because the subradiant modes can be
excited by the phase retardation,?* *® 4" a model of two-driven
coupled oscillators is used to quantitatively analyze this evolution
process. We find that the evolution is caused by not only
alignment of the resonant wavelengths of related plasmonic
modes, but also reasonably high loss. We show that the
superscattering of the nanodisk can improve not only the
signal-to-noise ratio of the spectral extinction and the surface
enhanced vibrational spectra due to the enhancement of both far
field and near field intensity, but also the figure of merit of LSPR
sensing about two times due to the narrower resonance linewidth.

2. Simulation Section

The nanodisk we propose is shown in Fig. 1. All sharp corners of
the nanodisk have been slightly smoothened out by cylindrical
surfaces with the radius of 5 nm to avoid unphysical structural
discontinuities, mimicking a nanodisk that can be fabricated in
practice. To demonstrate the evolution from Fano-like resonance
to superscattering, the height is varied from 30 to 120 nm with
the diameter fixed at 80 nm or the diameter from 40 to 100 nm
with the height fixed at 60 nm. The finite integration time domain
(FITD) solver of the CST® microwave studio is used to obtain
both the far-field spectra (e.g. absorption, scattering, and
extinction spectra) and the near-field spectra of all the nanodisks.
The scattering and absorption cross section was computed by the
built-in functions that integrate the total amount of power
scattered and absorbed by the nanodisk over the intensity of the
incident plane wave, respectively. The extinction is the sum of
them. The finite element (FEM) frequency domain solver of the
CST® microwave studio is used to calculate the charge
distributions at the resonance wavelength identified by the
far-field spectra. The nanodisk is made of silver immersed in a
uniform surrounding media with the refractive index of 1.4 (e.g.
polydimethylsiloxane (PDMS)). To describe materials properties
of silver, the experimentally fit Drude model *® was used with
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where &, is 4, o, is 1.336x1016 rad/s, and . is 1.108x1014 rad/s.
The illumination is normal to the bottom surface of the nanodisk
and the polarization is along the diameter of the nanodisk
(x-polarization). All other boundaries is set to be open with
perfectly matched layers (PML) to absorb all outgoing radiation
and eliminate any reflection at the boundaries.
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Fig. 1 FITD simulation of the extinction (solid line), scattering (dash line),
and absorption spectra (dot line) for a silver nanodisk with the diameter of
80 nm and the height of 30 nm in the surrounding media of the refractive
index 1.4 when the nanodisk is illuminated by a normal incident plane
wave with propagation in the z direction and polarization in the x
direction. Two insets are the charge distributions normalized by 5¢™'

C/m? at the resonant wavelengths of the Q mode (408 nm) and the D

mode (560 nm), respectively.

3. Results and Discussion
3.1 Uncoupled plasmonic modes

To understand the origin of Fano-like resonance and
superscattering in the single nanodisk, we first consider a single
silver nanodisk with the diameter of 80 nm and the height of 30
nm that exhibits the nearly uncoupled superradiant and subradiant
modes. In Fig. 1, two peaks with little spectral overlap appear at
560 nm and 408 nm, respectively, in the absorption spectrum.
This result indicates the existence of two localized plasmonic
modes that are supported by the corresponding charge
distributions of the nanodisk at two peak frequencies: when the
resulting top dipole and bottom dipole of the nanodisk are close,
they interact and form two new hybridized modes. According to
the plasmon hybridization theory,®® *° those two hybridized
modes are termed a superradiant mode (bright dipolar mode, D),
the lower-energy “bonding” mode, and a subradiant mode (dark
quadrupolar mode, Q), the higher-energy “antibonding” mode.
The validity of the hybridization model is supported by the
surface charge distribution analysis of the D and Q modes at their
resonant frequencies. A simple way of visualizing the charge
density is to compute the normal component of the electric
displacement at the material interface of the single silver
nanodisk that is directly equal to the surface charge density
according to the boundary condition. From the corresponding
insets of Fig. 1, we see that the related mode profiles are expected
from the hybridization diagram: the D mode shows in-phase

oscillation of both dipoles at the top and bottom of the nanodisk,
generating a large total dipole moment which makes the mode
highly radiative; and the Q mode possesses zero net dipole
moment because of the out-of-phase alignment of the dipoles and
is subradiant. The little spectral overlap of these two modes in the
adsorption spectrum indicates nearly no coupling between them
because the incident light with the wavelength of 560 nm has
high efficiency to excite the D mode and near zero efficiency to
excite the Q mode and similarly for the light with the wavelength
of 408 nm. Although the Q mode can be excited by the phase
retardation,”® the vanishing radiative efficiency results in
indiscernible peak in the scattering spectrum and the Q mode can
only be found in the absorption spectrum with narrower
bandwidth. The extinction spectra of Q mode is much narrower
than the one of D mode because the Q mode has intrinsic
non-radiative loss, but much lower radiative loss.%*

3.2 Fano-like resonance and superscattering

With the knowledge of the uncoupled D and Q modes, we then
examine single silver nanodisks with the same diameter of 80 nm
as the one in Fig. 1, but with various heights that have the
strongly coupled D and Q modes: One with the height of 60 nm
shows Fano-like resonance (Fig. 2a-g) and the other with the
height of 120 nm exhibits superscattering (Fig. 2h-m). Generally,
an uncoupled resonance is characterized by a phase (¢g) that
matches the phase of the incident field (pr = 0) on one side of
the resonance and is out-of-phase on the other side (pg = ).% At
the frequencies in between, the phase transits from 0 to m. The
higher the loss of the resonance is, the more slowly the phase
transits, and the wider the transition region is. In the coupled
systems under study, when both D and Q modes are excited and
their resonances come close, the absolute difference of their
phase ((|pq - @4 or |A ¢l) is between 0 and 0.5z in some regions
of the spectrum, forming a stronger resonant mode because of
constructive interference. The closer to 0 the absolute phase
difference is, the more constructive the interference is. On the
other hand, in the spectral region where |A ¢| is between 0.5z and
7, a weaker mode is formed because of destructive interference.
The closer to « the absolute difference is, the more destructive the
interference is. When |A ¢| is equal to 0.5z at some frequency, the
D and Q modes do not interfere, which is termed orthogonal. The
dip that characterizes the Fano-like resonance in Fig. 2a arises
from the destructive interference of the D and Q modes that
overlap spectrally and spatially. However, the Fano-like
resonance in single nanodisks can disappear in two extreme
cases. One is that the D and Q modes resonate at the frequencies
so far away from each other that one mode can hardly be excited
at the excitation wavelength of the other mode as shown in Fig. 1.
The other is that two modes resonate at the frequencies so close
that they can interfere constructively during their whole spectral
range. This extreme case is termed superscattering®® as shown in
Fig. 2h, where the peak intensity of the extinction spectrum
increases about twice than the one in Fig. 2a.
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Fig. 2 (a) FITD simulation of the extinction (solid line), scattering (dash line), and absorption spectra (dot line) for a silver nanodisk with the diameter of
80 nm and the height of 60 nm that exhibits typical Fano-like resonance. The curve of circles represents the two-drive coupled oscillators (TCO) model fit
of the extinction spectrum. (b-d) FEM simulation of the surface charge distribution normalized by 2.5¢™'° C/m? at the selected wavelengths shown in

(a): 455nm (the blue dot, the Q mode), 472 nm (the yellow dot, the D-Q mode), and 531 nm (the red dot, the D mode). (e-g) the related average |E| field
normalized by 10 V/m. (h) FITD simulation of the various cross sections for a silver nanodisk with the diameter of 80 nm and the height of 120 nm that
exhibits typical superscattering. (i-1) FEM simulation of the surface charge distribution normalized by 2.5¢™'° C/m? at the peak wavelength of 492 nm
shown in (h) (green dots) at different phases of one charge-oscillation period, showing the characteristics of the D, Q, D+Q, and D-Q modes. (m) The
related average |E| field normalized by 10 V/m. (For all the FITD and FEM simulation, the surrounding media has the refractive index of 1.4 and the
nanodisk is illuminated by a normal incident plane wave with propagation in the z direction and polarization in the x direction.). Note: The surface charge
distribution of the D, Q, D+Q, and D-Q modes are characterized as follows: The D and Q modes have the charge confined at the four corners of a
nanodisk symmetrically and asymmetrically, respectively; and the D+Q and D-Q modes have the charge confined at the bottom and top two corners of a
nanodisk, respectively, assuming that the light comes from the bottom of the nanodisk.

The underlying mechanism of the Fano-like resonance and
superscattering is also supported and further understood by
analyzing the FEM simulated charge distribution and near-field
of the plasmon modes that appear at specific frequencies as
shown in Fig.2b-g and i-m, respectively. From Fig. 2c, we see
that the D and Q modes interfere destructively, forming the
corresponding mode profile at the Fano-like resonance of 472
nm, termed the D-Q mode. The D-Q mode has the surface charge
concentrated at the top two corners of the nanodisk, leading to the
co-localized near-field intensity as shown in Fig. 2f. Interestingly,
from Fig. 2b, d, the distribution of the surface charge at the peaks
surrounding the Fano-like resonance are dominated by the Q and
D modes, respectively. Fig. 2e, g reveal the expected related
near-field distribution: both the related near-field distribution of
the Q and D modes is localized at the four corners of the
nanodisk. This shows that although the geometry of single
nanostructure can enable the D and Q modes to strongly interact

with each other, the D and Q modes can be dominantly excited at
specific wavelengths. This finding, which has been recently
shown for the multi-element nanosystems (e.g. the nanoantenna
arrays® and assemblies of nanorods and nanoantennas'®), is
important because it enables a detailed spatial tuning of the
near-field with frequency at the nanoscale. Our work represents a
significant step forward by demonstrating the selective excitation
of different parts inside a single-element strongly coupled
nanosystem (Fig. 2b-d). From Fig. 2i-l, we observe that the
superscattering nanodisk is characterized by the dual-mode
character (D, Q, D+Q, and D-Q) at different phases of
charge-oscillation period. The related near field in Fig. 2m at the
four corners of the nanodisk are stronger than the ones of the Q
and D modes in Fig. 2e, g because two modes interfere
constructively in the superscattering nanodisk.
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3.3 Modelling by two-driven coupled oscillators

To obtain better physical insights of Fano-like resonance and
superscattering in a single silver nanodisk, we apply a model of
two-driven coupled oscillators (TCO) (Fig. 3a).2* Each of the
oscillators is driven by the incident harmonic field E—o =
Eqe~™@t, Two driven oscillators simulate the related charge
oscillations of the D mode (excited by the direct coupling of the
incident light) and Q mode (resulted from the phase retardation).
They are coupled with the coefficient x and are characterized by
resonant frequencies wg, wq, 10ss yq4, 74, and excitation coefficients
g, 9q- The equations of motion can be solved in terms of transient
charge displacement xg, X, from the equilibrium positions:

Xg + VaXg + 05X — KX, = g4Ee™, "
o . 2 _ —iot
Xq +7qXq + 0%, — KXy =g Epe .

This model has general validity, and under specific conditions,
i.e. when g4 = 0, the TCO model converges to the simpler single
driven coupled oscillators model that simulates the multi-element
plasmonic nanosystems:'> 24 52 54 %5 the [ight excites only the
broad mode, e. g. X4 , While the narrow resonance mode x, (dark
mode) is excited only due to the near-field coupling. The steady
state solutions of equation (2) are also harmonic and given by?*
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Fig. 3 (a) Schematic of two coupled oscillators (TCO) model proposed to
fit all the extinction spectra of single nanodisks. (b) |@4 - @4 | (JA ¢|) for the
nanodisk with the diameter of 80 nm and the height of 60 nm featured by
the Fano-like resonances (Fig. 2a). (c) The related logarithmic scale of the
absolute ratios of |Cy| over |Cq| (|Cql/|Cq| ), With |Cql/|C4[=5.1 for the D
mode at 531 nm (red dot), |Cq4//|C4[=1.2 for the D-Q mode at 472 nm
(yellow dot), and |Cgl/|Cq4/=1.7 for the Q mode at 455 nm (blue dot)). The
inset shows the FEM simulated surface charge distribution (normalized
by 3¢ C/m?) of the composite mode excited at the wavelength of 428

nm that contains the higher-order mode. (d) The related spectra of |A o]
under the increased hypothetical loss, evolving the spectral features from
the Fano-like resonances shown in Fig. 3b (solid lines) to superscattering
(dash line). (e-g) The same parameters as the ones in (b-d), respectively,
but for the nanodisk with the diameter of 80 nm and the height of 120 nm
featured by the superscattering (Fig. 2h).
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The transient energy loss of the incident light due to the D and Q
modes is

Py (1) = 487" %y (), ()
P, (t) = g e "%, (t),

The corresponding energy loss averaged over one period is

o (- 2701900 + 0 (0]~ ~i7y,)]
d(w)_ 2_ 2 22 2! (5)
(05 — 0" iy 0)w, -0 —iy,0)-x

2709, gyx+ 95(605 -’ —iy,@,)]

P (o) = - - .
d (0 — 0" —iy,0) (0] -0 —iy,w) -«

Therefore, the sum of Py and Py is the total energy loss P; (w) of
the incident plane wave due to the plasmonic response of the
nanodisk. The real part of P; (w) is then used to model the
extinction spectrum of the nanodisk.>**® A fit of the extinction
spectra of Fano-like resonance and superscattering in Fig. 2a, h is
shown with the circles, showing an excellent agreement with the
FITD results.

The complex amplitude Cyq(w) in equation (3) can also be
written as

Cyq(@) =[Cy 4 (@)™, (6)

where the amplitude is |Cyq4(w)| and the phase is ¢qgq(@),
providing information on the frequency response of the system.
As mentioned previously, we can now use the absolution phase
difference between these two modes (lpg - ¢q | or |A ¢|) to
quantitatively evaluate the interference between the D and Q
modes: |A ¢| of 0.5t shows orthogonal interference, |A ¢| between
0 and 0.5n indicates constructive interference, and |A ¢| between
0.57 and m shows destructive interference. Fig. 3b-d and 3e-g
show how the different excitation wavelength affects the |Ag|,
and the logarithmic scale of the ratios of |Cy4 over |Cyl
(log(IC4l/ICq))) for the nanodisks featured by the Fano-like
resonance and superscattering in Fig. 2a, h, respectively.
Regarding the nature of the mode interference determined by |A
o|, we divide Fig. 2b and Fig. 3b, c into the following regions:
Region 1, 111 represents constructive interference of both modes
while Region Il represents destructive interference. Moreover, in
all the figures, we use the circles of the same color to label the
resonant wavelengths of the D, D-Q, Q modes and the
superscattering. All the parameters extracted from the TCO
model fit (Fig. 3 and Table 1, 2) add the quantitative physical
insight to the previous qualitative analysis of the features (modes

This journal is © The Royal Society of Chemistry [year]
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and peaks) of both the Fano-like resonance and superscattering as
follows. From Fig. 3b, c for the Fano-like resonance (Fig. 2a), we
find that the D-Q mode of the Fano-like resonance requires that
both the D and Q modes interfere destructively, but also have the
comparable absolute amplitude (|Cq4/|Cq| of 1.2 shown in Fig. 3c).
Interestingly, at the resonance wavelengths of the D (red dot) and
Q modes (blue dot), |A ¢l is less than 0.5z with the |Cq4l/|Cq| 0f 5.1
and the |Cql/|Cq4| of 1.7 as shown in Fig. 3c, respectively. This
indicates that the dominant feature of the D or Q mode is caused
by one mode being excited much more effectively than the other
mode at the related resonance wavelength. |A ¢| changes
gradually toward 0 at both the blue and red end of the spectra in
Fig. 3b because the phases of both the D and Q modes converge
to zero at the red end and & at the blue end as the wavelength is
moved further away from both the resonances. A similar
phenomenon occurs in Fig. 3e for the superscattering as well. In
Fig. 3e, |Ag| is less than 0.5m across the spectra. This result
supports that the Fano-like resonance does not occur in the
extreme case of superscattering because of the lack of the
destructive interference. Fig. 3c and f show how the D and Q
modes relatively contribute to the spectrum intensity for the
Fano-like resonance and superscattering shown in Fig. 2a, h,
respectively. Generally, the Q mode is dominant at short
wavelengths while the D mode is dominant at long wavelengths.
With these insights, we are able to explain why the D+Q mode
(with the surface charge concentrated at the bottom corners of the
nanodisks) does not appear when both modes interfere
constructively at Regions I and 111 for the Fano-like resonance in
Fig. 2a as follows. In Region | longer than 428nm and Region I,
one mode at the related excitation wavelength is much stronger
than the other mode at the same wavelength as shown in Fig. 3c.
Therefore, the D mode is still dominant in Region 111 while the Q
mode is dominant in Region | longer than 428 nm. In Region |
short than 428nm, the high-order mode is excited and mixed with
the D and Q modes, which is indicated by the exemplary surface
charge distribution at 428 nm as shown in the inset of Fig. 3c.

Most interestingly, by hypothetically increasing the loss of the D
and Q modes, we can evolve the Fano-like resonance in Fig. 2a to
the superscattering and vice versa for the superscattering in Fig.
2h to the Fano-like resonance, as shown in Fig. 3d, g,
respectively. The lower the loss is, the more destructively two
modes interfere, the more significantly the Fano-like resonance
is. The higher the loss is, the more constructively two modes
interfere, the more significantly superscattering is. This is due to
lower loss resonances having the faster phase transits from 0 to .
This faster transition requires that the resonance wavelengths of
the two modes come closer so that they can interfere
constructively across the whole spectrum to ensure the
superscattering. This indicates that the evolution from Fano-like
resonance to superscattering is caused by not only alignment of
the resonant wavelengths of related plasmonic modes, but also
reasonably high loss.

The geometry of a single nanodisk plays an important role in
determining the energy of the D and Q modes and their
interaction. By varying the geometry, we can tune the
characteristic plasmonic responses of a silver nanodisk evolved

from Fano-like resonance to superscattering through controlling
resonant frequency of plasmonic modes along with their loss. In
the following, we explore the tunability of the spectral features
through diameter and height change of a silver nanodisk and
analyze the resulting extinction spectra by the TCO model to
provide more insights on the evolution. Whenever we compare
the extinction spectra of the nanodisks with different diameters
(D) (e.g. study of diameter tuning), we use the ones normalized
by the physical cross section (zD%/4) of the related nanodisk. Fig.
4a, e show how the height and the diameter affect the extinction
spectra that agrees excellently with the TCO model fit (solid
circles). The corresponding effects on |A ¢| are also shown in Fig.
4b, f respectively. By increasing height or decreasing diameter,
the maximum of the |A ¢| changes from -above 0.5z to below
0.5x, indicating that the spectral feature evolves from Fano-like
resonance to superscattering. The parameters are extracted from
the TCO model fit as selectively shown in Fig. 4c, d and 4g, h
and summarized in Table 1 and 2, respectively.
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Fig. 4 (a) FITD simulation (solid curves) and the TCO model fit (circles)
of the extinction spectra for the nanodisks with the diameter fixed at 80
nm and the height varied from 60 nm to 120 nm, (b) The related |A o/, (c,
d) extracted parameters from the TCO model fit in (a) versus the height of
the nanodisks. (e-h) The same parameters as the ones in (a-d),
respectively, but for the nanodisks with the height in 60 nm and the
diameter varied from 40 nm to 100 nm.
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Table 1. Extracted Parameters from TCO Model for Varying Heights

(Fig. 4a).
Height oy 0 Yo V¥ & &
(D=80nm) (THz) (THz)  (THz) (THz) (THz) (THz') (THz")
60 nm 366 663 131 41 42 11.0 36
70 nm 570 648 141 41 40 1.1 44
80 nm 571 638 150 43 43 11.1 54
90 nm 574 629 167 42 42 113 6.1
100 nm 578 623 175 41 40 11.3 6.6
110 nm 581 617 186 41 39 115 7.0
120 nm 381 612 197 45 41 1.0 79

Table 2. Extracted Parameters from TCO Model for Varying Diameters

(Fig. 4e).
Dia Wy Wy Vi o Jx L &
(H=60nm) (THz)  (THz) (THz) (THz) (THz) (THz') (THz")

40 nm [ 688 72 30 40 4.6 2.5
50 nm 652 675 82 33 44 6.1 28
60 nm 622 669 100 34 42 8.0 2.9
70 nm 594 665 110 35 41 9.3 3.3
80 nm 566 663 131 41 42 11.0 3.6
90 nm 539 657 140 48 40 12.2 4.1
100 m 515 654 153 50 41 13.6 4.4

As shown in Fig. 4a, the peak associated with the D mode (D
peak) is blue-shifted and the peak associated with the Q mode (Q
peak) is red-shifted with the height increasing. Both the shifts are
quantified through the TCO fit (Fig. 4c) and are explained
according to the plasmon hybridization theory® as follows: as the
height increases, the top and bottom dipoles of the nanodisk
interact more weakly, decreasing the stored energy of the bonding
D mode (wg), while increasing the one of the antibonding Q mode
(wq). As a result, the resonant frequencies of the D and Q modes
come toward each other. The closer resonant frequencies
combined with the increased loss yq and almost unchanged y,
(Fig. 4d and Table 1) result in the spectral features evolving from
Fano-like resonance to superscattering as shown in Fig. 4a, b. By
contrast, Fig. 4g and Table 2 shows that both wq and «q increase
with decreasing diameter, which is due to the size effect along the
light polarization direction.*” 5 Moreover, gy increases
significantly faster than wq, making wq and o, converge. This
overlapping of wq and o, can decrease |A ¢|. Meanwhile, Fig. 4h
and Table 2 show that both losses, yq and y, decrease with
decreasing diameter, potential increase |A ¢|. However, Fig. 4f
shows that |Agp| decreases as diameter decreases. This decrease
indicates that the quick overlapping of wy and o, dominantly
affects |A ¢|, causing the spectral feature to evolve from Fano-like
resonance to superscattering as shown in Fig. 4e.

Fig. 4c, g show that wy is more sensitive to changes of diameter
than changes of height and «, vice versa. This indicates that we
can control the wg,q selectively through different geometrical
parameters. The result arises from different major excitation
mechanisms of the D and Q modes. The Q mode is excited by the
phase retardation that is sensitive to the height of the nanodisk.
The D mode is excited by radiative coupling of light that is
proportional to the square of the total dipole moment of the
plasmons in the dipole approximation. The total dipole moment
of the D mode is mainly determined by the diameter of the
nanodisk while the one of the Q mode is always zero. The above
explanation is supported by the excitation coefficients gq: Fig.
4c and Table 1 show that the g, increases with the height

increasing while the g4 remains almost constant; and Fig. 4g and
Table 2 show the opposite with the diameter increasing.
Interestingly, Table 1 and 2 show that the coupling coefficient
between the D and Q mode is insensitive to the change of either
height or diameter. This is because the excited surface charges (or
E-field) of both the D and Q modes (Fig. 1, 2b-g, and 2i-m) are
concentrated around the four corners of the nanodisks regardless
of either diameter or height. The result indicates that the coupling
of the D and Q mode is mostly due to the spatial overlapping,
which is unique in the single-element nanosystem.*” It's worth
mentioning that although the resonance peaks of the D and Q
modes could be close to each other (Fig. 4a, c, e, g), they can’t
cross over with each other. This anti-crossing is consistent with
the plasmon hybridization theory:?® the resonance peaks of the
bonding (i.e. D mode) and antibonding (i.e. Q mode) modes can
asymptotically converge as the primitive un-hybridized modes
interact with less and less strength.

Fig. 4d, h show that the loss y4 of the D mode is significantly
higher than the loss y, of the Q mode due to the significantly
higher radiative loss. Moreover, y4 increases with both the height
and diameter almost linearly due to the increased dipole moments
with the increasing size. Meanwhile, y, almost keeps constant
with the increase of the height and increases slowly with the
increase of the diameter. This effect may attribute to the
unchanged or slightly changed overlap between materials and
electromagnetical fields with various geometries.

4. Applications of Superscattering in
Nanoplasmonic Sensing

The enhanced extinction results from enhanced scattering and
absorption. A silver nanodisk with the superscattering effect can
be served as not only a strong scatterer for biomedical imaging,
but also a strong absorber for the thermal therapy and solar cells.
Moreover, due to the co-localization of the D and Q modes, the
spectral overlap could enhance near electric field. The enhanced
near-field intensity is also useful to improve the sensitivity of
spectroscopic techniques, such as SERS and SEIRA for the
molecular detection.®® %° The intensity of the near electric field is
monitored by the probe that is 1 nm away from the corner and
represented by the point A in the inset of Fig. 5a. As shown in
Fig. 5a, compared to the nanodisk without the superscattering
effect (e.g. the one with the height of 30 nm and the diameter of
80 nm), the near field of the superscattering nanodisk (e.g. the
one with the height of 105 nm and the diameter of 80 nm) is
enhanced about two times. Since the intensity of SERS is
proportional to E* and the SEIRA is proportional to E2% % a
superscattering nanodisk can potentially improve signals 16 times
for SERS and 4 times for SEIRA.

Superscattering can also improve sensitivity of refractometric
sensing that is typically evaluated by the figure of merit (FoM)
defined as®

_ 0A(nm)

_ S(nm-RIU™)
- ~ on(RIV)

AA(nm)

FoM (7
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where the bulk refractive index sensitivity, S, is the ratio of the
LSPR peak shift (04) per change of refractive index unit (RIU) in
the surrounding media (dn) and AX is the full width at half
maximum (FWHM) of the spectral resonant peak. We compare
sensitivity of the nanodisks with and without the superscattering
effect that corresponds to the nanodisks with the same diameter
of 80 nm, but with the height of 30 nm and 105 nm as shown in
Fig. 5b and c, respectively. Fig.5b, ¢ shows that the peak is
broaden with the increase of refractive index (n) as we expect.*’
Therefore, we used the FWHM of the corresponding spectral
peak for n = 1.4 to approximate the A\ of all the spectra for the n
ranged from 1.25 to 1.55. Interestingly, the scattering spectra in
Fig. 5¢c are asymmetric because the peaks of the D and Q modes

30+ (a) a .
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are significantly overlapped, but not exactly aligned. For
example, by fitting the spectrum for n = 1.4 with the model of
two-couple oscillator (TCO) (in the same way as shown in Fig.
2a), the resonance wavelengths for the D and Q modes are 518
and 484 nm, respectively. Because the maximum of the
overlapped asymmetrical peaks dominantly come from the one
for the Q mode as shown in Fig.5c, we use the loss (y,) of the Q
mode (obtained by the TCO fit) to obtain the FWHM of the
spectrum for n = 1.4. Fig. 5d shows that the nanodisk with the
superscattering effect (the one with 105 nm in height) increases
the FoM from 3.6 to 8.7.
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Fig. 5 Comparison of the nanodisks with 80 nm in diameter, but with the different heights of 30 nm without the superscattering effect and 105 nm with the
superscattering effect on sensing performance (a) Intensity of near electric field measured by a FITD simulation probe at point A that is | nm away from
the top corner of the related nanodisk. (b) and (c) Scattering cross sections of the nanodisk with 30 and 105 nm- in height in the surrounding media of
different refractive index (n), respectively. (d) The related figure of merit (FoM) (calculated from the TCO model fit of the (b) and (c)) versus the related

refractive index (n).

5. Conclusions

We present a single silver nanodisk as a simple but promising
candidate to realize not only Fano-like resonance, but also
superscattering. By FITD simulation, we show that because of the
spatial co-localization, the Q and D modes could become
non-orthogonal and interfere strongly with each other, leading to
both Fano-like resonance and superscattering. Furthermore, we
demonstrate that the illumination at different frequencies can
selectively excite different plasmonic modes (e.g. the D, D-Q,

and Q modes) with different near-field distribution within a
single nanodisk even when the plasmonic modes are strongly
coupled. This selective excitation enables us to spatially tune the
near-field intensity with frequencies inside a single-element
strongly coupled nanosystem. We then show by either increasing
the height or decreasing the diameter of a nanodisk, the extinction
spectral feature of the nanodisk can be evolved from Fano-like
resonances to superscattering. The model of two-driven coupled
oscillators is applied to quantitatively analyze the evolution. We
find that the evolution is caused by not only aligning the
resonance wavelengths of related plasmonic modes, but also
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reasonably large loss. An engineered superscattering silver
nanodisk can enhance both the electric field in far-field and
near-field and decrease linewidth of the resonance peak of
interest, which is desirable and beneficial for improving the
performance of various nanoplasmonic sensors.

These studies provide systematical and quantitative insights on
the general electromagnetic properties of a single-element strong
coupled plasmonic nanosystem. The superscattering effect of a
single nanodisk can also be applied to other unsymmetrical
single-element (e.g. nanostars®® and nanotriangles®®) and
multi-element plasmonic nanosystems because it exploits the
phase retardation, one of the general effects arising from the size
of the nanostructures. Moreover, the intra-particle mode
engineering may be potentially combined with inter-particle
mode engineering. This combination introduces more freedoms in
the design, leading to more complex and versatile plasmonic
nanosystems to achieve more superior properties. For such more
complex nanosystems, the two-driven coupled oscillators model
may be extended to multiple-driven multiple couple oscillators to
quantitatively analyze the mode interactions and predict the
spectral features. Therefore, a single metallic nanoparticle
capable of both Fano-like resonance and superscattering provides
a new perspective in terms of engineering the light-matter
interaction at the nanoscale, which is essential for many
applications such as surface-enhanced sensing and imaging.
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